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ut the Hixon Symposium and 
record of its proceedings — 


rom September 20-25, 1948, sev- 
men met at the California Institute 
rechnology to take part in the Hixon 
iposium. Some contributed papers, 
1e were on a discussion panel, some 
mented the discussion by brief re- 
rks—all were widely known leaders 
their fields. The general subject of 
symposium was Cerebral Mech- 
isms in Behavior,” and in contribut- 
g their stimulating and original ideas, 
2 members struck at the periphery of 
number of fields, successfully break- 
down the barriers among many 
isciplines. In this way, the ideas ex- 
ressed in the Hixon Symposium bear 
reat resemblance to those that form 
he study of cybernetics, and should 
nterest all those who were concerned 
vith Professor Wieners important 
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This written record of the Sympo- 
sium consists of the six major papers, 
each followed by a discussion section, 
with two additional discussion sections 
and a final evaluation also included. 
About half the space in the book is 
devoted to the formal papers and about 
half to informal discussion. 


Psychiatrists, physiologists, neurolo- 
gists, neuropsychiatrists, psychologists, 
and anyone in a related field, will find 
this carefully compiled book of im- 
mense value and interest. 
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Preface 


This book is the report of a symposium held at the California Insti- 
tute of Technology in September, 1948. The topic of the symposium 
was “Cerebral Mechanisms in Behavior.” To discuss it a group was 
brought to the Institute for the week of September 20 to September 25 
under the auspices of the Hixon Fund Committee. 

The Hixon Fund was established in 1938 by a grant to the California 
Institute of Technology from the estate of Frank P. Hixon. Its purpose 
has been to support scientific endeavor which offers promise of in- 
creased understanding of human behavior. Among the projects sup- 
ported by the Hixon Fund have been the following: 


A period of collaboration between Dr. Lorente de Nó of the 
Rockefeller Institute for Medical Research and Dr. Leverett Davis 
of the Physics Department of the California Institute of Technology 
upon the distribution of electrical potential in nerves. 

A cooperative study by members of the Institute staff under the 
leadership of Dr. Wiersma and Dr. van Harreveld, and representa- 
tives of the California Department of Institutions, dealing with 
electroconvulsive therapy and with electronarcosis as a therapeutic 
agent in mental disorders. 

A study by Dr. David B. Tyler of treatments for cases of battle 
fatigue and of motion sickness. 

A study by Dr. Marjory Douglis of social behavior in chickens. 


The Hixon Fund is at present administered by a committee consisting 
of Professors G. W. Beadle, James Bonner, Henry Borsook, Max Del- 
briick, Linus Pauling, A. II. Sturtevant, C. A. G. Wiersma, and A. van 
Harreveld, chairman. Dr. Max Mason, who had been chairman of the 
committee ever since the establishment of the Hixon Fund, has recently 
retired from it. 

In 1947 the Committee invited me to the Institute to spend the year 
in research in audition and to help them in organizing the 1948 sym- 
posium. The year, which was a very pleasant one for me, culminated in 
the exciting symposium week. 

I wish it were possible to convey to the reader more of the at- 
mosphere of the meetings than can be done in type. Smiles, frowns, 
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gestures, and head shakings often add meaning to verbal discussion, 
but do not print well. The many compliments paid by the speakers to 


one another contributed to the friendliness of the occasion but could 
not be preserved, 


Much credit for the liveliness of the meetings goes to Hank Brosin. 


He was chairman of the first session, According to the program, other 
members of the group were to be chairmen of later sessions, but he 
conducted his meeting with such brilliance that the group unanimously 
decided to throw the program overboard and elect him permanent 
chairman. He thoroughly justified the decision, He introduced the 
speakers with gems of biography, he kept the discussion under control, 
called on people for comments (thereby keeping them alert), and 
altogether charmed everyone with his execution, It is one of my chief 
regrets that most of this had to be sacrificed to the exigencies of 
publication, 

Stenotype Operators recorded the symposium talks 
sions. The records were then transcribed, mimeographed, and dis- 
tributed to the speakers for correction, The revised discussio 
constituted the raw material for my work as editor, This m 
to be cut and patched together; repetitious Sections, un 
tions, and other fragments were omitted. The 
as written, Galley proof Was se 
(and, it turned out, furth 


and the discus- 


n sections 
aterial had 
answered ques- 
Major papers were left 
nt to all Participants for fin 

er revision). This Procedure has taken time, 
but the result is probably a better book, and one more nearly repre- 
senting the authors’ views, than could have been brought out much 
sooner, 


al correction 


I am sorry that T am not able to include Dr. 
in the book. Since much of his material w 
slides, the stenotype n 
the last two years h 


Lorente de No’s Paper 
as presented in the form of 
otes are incomplete, and his ill health durin 
as made it impossible for him to Provide a 
manuscript of his Paper or of his discussion remarks, Accordingly 
I must take the re any inaccuracies or misstatements 
in the comments attributed to him. 

I am happy to 
participants in the sympo 
the proof, to the Unive 


dness to many pe 
sium for their help with 


sion to reproduce many of the 
my wife, Sylvia Jeffre 
careful reading of the 


mentioned in th 
illustrations, I ially j 

inde 
ss, for her help with the m apt, gilt ited i 
galley and Page proofs, 


e text f. 
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Finally I wish to thank the Hixon Committee and the California 
Institute of Technology for making the symposium possible, and for 
giving me the opportunity to help. 

LLOYD A. JEFFREss 


Austin, Texas 
September, 1951 
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The General and Logical Theory 
of Automata” 


JOHN VON NEUMANN 


The Institute for Advanced Study 


I have to ask your forbearance for appearing here, since I am an 
outsider to most of the fields which form the subject of this conference. 
Even in the area in which I have some experience, that of the logics 
and structure of automata, my connections are almost entirely on one 
side, the mathematical side. The usefulness of what I am going to say, 
if any, will therefore be limited to this: I may be able to give you a 
picture of the mathematical approach to these problems, and to pre- 
pare you for the experiences that you will have when you come into 
closer contact with mathematicians. This should orient you as to the 
ideas and the attitudes which you may then expect to encounter. I 
hope to get your judgment of the modus procedendi and the distribu- 
tion of emphases that I am going to use. I feel that I need instruction 
even in the limiting area between our fields more than you do, and 
I hope that I shall receive it from your criticisms. 

Automata have been playing a continuously increasing, and have 
by now attained a very considerable, role in the natural sciences. This 
is a process that has been going on for several decades. During the 
last part of this period automata have begun to invade certain parts 
of mathematics too—particularly, but not exclusively, mathematical 
physics or applied mathematics. Their role in mathematics presents 
an interesting counterpart to certain functional aspects of organization 
in nature. Natural organisms are, as a rule, much more complicated 

° This paper is an only slightly edited version of one that was read at the 
Hixon Symposium on September 20, 1948, in Pasadena, California. Since it was 
delivered as a single lecture, it was not feasible to go into as much detail on every 
point as would have been desirable for a final publication. In the present write-up 
it seemed appropriate to follow the dispositions of the talk; therefore this paper, 
too, is in many places more sketchy than desirable. It is to be taken only as a 
general outline of ideas and of tendencies. A detailed account will be published 
on another occasion. 
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and subtle, and therefore much less well understood in detail, than 
are artificial automata. Nevertheless, some regularities which we 
observe in the organization of the former may be quite instructive in 
our thinking and planning of the latter; and conversely, a good deal of 
our experiences and difficulties with our artificial automata can be to 
some extent projected on our interpretations of natural organisms. 


PRELIMINARY CONSIDERATIONS 


Dichotomy of the Problem: Nature of the Elements, Axiomatic Dis- 
cussion of Their Synthesis. In comparing living organisms, and, in 
particular, that most complicated organism, the human central nervous 


system, with artificial automata, the following limitation should be kept 
in mind. The natural systems are of enormous complexity, and it is 
clearly necessary to subdivide 


the problem that they represent into 
several parts. One method of subdivision, which is particularly signifi- 
cant in the present context, is this: The organisms can be viewed as 
made up of parts which to a certain extent are independent, elementary 
units. We may, therefore, to this extent, view as the first part of the 
problem the structure and functioning of such elementary units indi- 
vidually. The second part of the Problem consists of understanding 
how these elements are organized into a whole, and how the function- 
ing of the whole is expressed in terms of these elements 
The first part of the problem is at present the do 8 
ology. It is closely connected with the most difficult chapters of organic 
. 1 eee and may in due course be greatly 
helped by q m mec hanics, I have little qualification to talk about 
it, and it is not this part with which I shall concern elf Here 
The second part, on the other hand, is the one wind “es ly to 
attract those of us who have the background and A 25 ee ues a e- 
matician or a logician. With this Mie oaa: 


attitude, we wi 1 9 e 
the first part of the problem by the proce. ee inclined to remove 


Ss of axiomatizati n- 
centrate on the second one. “Xomatization, and co 
The Axiomatic Procedure. Axiomatizin 
means this: We assume that the elements have certai d 
outside, functional characteristics; that is they ; 1 0 i 
“blac fee? They. are <e à are to be treated as 
black boxes.” They are viewed as automatisms the i eate 115 
of which need not be disclosed, but which ars as inner structu 
certain unambiguously defined stimuli, by ee to react to 
defined responses. ain unambiguously 


This being understood, we may then inves 
that can be built up from these e 


t : elements, the 
ing, the connections between the elements 


minant one in physi- 


g the behavior of the elements 


tigate the | 


i arger organisms 
r 8. vi 5 4 
structure, their function- 
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regularities that may be detectable in the complex syntheses of the 
organisms in question. 

I need not emphasize the limitations of this procedure. Investigations 
of this type may furnish evidence that the system of axioms used is 
convenient and, at least in its effects, similar to reality. They are, how- 
ever, not the ideal method, and possibly not even a very effective 
method, to determine the validity of the axioms. Such determinations 
of validity belong primarily to the first part of the problem. Indeed 
they are essentially covered by the properly physiological (or chemical 
or physical-chemical) determinations of the nature and properties of 
the elements. 

The Significant Orders of Magnitude. In spite of these limitations, 
however, the “second part” as circumscribed above is important and 
difficult. With any reasonable definition of what constitutes an element, 
the natural organisms are very highly complex aggregations of these 
elements. The number of cells in the human body is somewhere of the 
general order of 101% or 101%. The number of neurons in the central 
nervous system is somewhere of the order of 101°. We have absolutely 
no past experience with systems of this degree of complexity. All artifi- 
cial automata made by man have numbers of parts which by any 
comparably schematic count are of the order 10* to 106. In addition, 
those artificial systems which function with that type of logical flex- 
ibility and autonomy that we find in the natural organisms do not lie at 
the peak of this scale. The prototypes for these systems are the modern 
computing machines, and here a reasonable definition of what con- 
stitutes an element will lead to counts of a few times 10° or 10+ 


elements. 


DISCUSSION OF CERTAIN RELEVANT 
TRAITS OF COMPUTING MACHINES 


Computing Machines—Typical Operations. Having made these gen- 
eral remarks, let me now be more definite, and turn to that part of the 
subject about which I shall talk in specific and technical detail. As I 
have indicated, it is concerned with artificial automata and more spe- 
cially with computing machines. They have some similarity to the 
central nervous system, or at least to a certain segment of the system’s 
functions. They are of course vastly less complicated, that is, smaller 
in the sense which really matters. It is nevertheless of a certain interest 
to analyze the problem of organisms and organization from the point 
of view of these relatively small, artificial automata, and to effect their 
comparisons with the central nervous system from this frog’s-view 
perspective. 
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I shall begin by some statements about computing machines as such. 

The notion of using an automaton for the purpose of computing is 
relatively new. While computing automata are not the most compli- 
cated artificial automata from the point of view of the end results they 
achieve, they do nevertheless represent the highest degree of com- 
plexity in the sense that they produce the longest chains of events 
determining and following each other. 

There exists at the present time a reasonably well-define 
about when it is reasonable to use af, 
it is not. The criterion is 
tions involved in the 
puting machine is be 


d set of ideas 
ast computing machine, and when 
usually expressed in terms of the 
mathematical problem, The 
lieved to be by and ] 


multiplica- 
use of a fast com- 


arge justified when the 
computing task involves about a million multiplications or more in a 
sequence, 


An expression in more 
relevant fields (th 
where the use of such machine 
indicates the desirability of pre 
single multiplication would the 
steps (digital multi 
to at least 108 oper 
digits is not an ele 
ing it down into 5 
complexity. The 
is, instead of cou 


fundamentally logical te 


rms is this: In the 
at is in those p 


arts of | usually applied] mathematics, 
S 1$ proper) mathematical experience 
cisions of about ten decimal places. A 
refore seem to involve at least 10 x 10 
plications); hence a million multiplications amount 
ations. Actually, however, multiplying tw 
mentary operation. There are various ways of break- 
uch, and all of them have about the same deg 
simplest way to estimate this degree of co 
nting decimal places, to count the number 
that would be required for the same precision in the 
of notation (base 2 instead of base 10). A decimal digit corresponds 
to about three binary digits, hence ten decimals to about thirty binary, 
The multiplication referred to above, therefore, consists not of 10 x 10 
but of 30 x 30 elementary steps, that is, not 102, but 10? steps. (Binary 
digits are “all or none” affairs, capable of the values 0 and 1 only. Their 
multiplication is, therefore, indeed an elementary Operation, By red 
way, the equivalent of 10 decimals is 33 rather than 30] binaries va 
but 33 x 83, too, is approximately 103.) It follows, therefore * 
million multiplications in the sense indicated above are more Pisa A 
ably described as corresponding to 109 elementary Operations 8 
Precision and Reliability Requirements, I am not awar 
field of human effort where the result really de 
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computing machines—this is their most specific and most difficult 
characteristic. 

Indeed, there have been in the last two decades automata which 
did perform hundreds of millions, or even billions, of steps before they 
produced a result. However, the operation of these automata is not. 
serial. The large number of steps is due to the fact that, for a variety 
of reasons, it is desirable to do the same experiment over and over 
again. Such cumulative, repetitive procedures may, for instance, 
increase the size of the result, that is (and this is the important con- 
sideration ), increase the significant result, the “signal,” relative to the 
“noise” which contaminates it. Thus any reasonable count of the num- 
ber of reactions which a microphone gives before a verbally interpret- 
able acoustic signal is produced is in the high tens of thousands. 
Similar estimates in television will give tens of millions, and in radar 
possibly many billions. If, however, any of these automata makes mis- 
takes, the mistakes usually matter only to the extent of the fraction of 
the total number of steps which they represent. (This is not exactly 
true in all relevant examples, but it represents the qualitative situation 
better than the opposite statement.) Thus the larger the number of 
Operations required to produce a result, the smaller will be the signifi- 
cant contribution of every individual operation. 

In a computing machine no such rule holds. Any step is (or may 
potentially be) as important as the whole result; any error can vitiate 
the result in its entirety. (This statement is not absolutely true, but 
probably nearly 30 per cent of all steps made are usually of this sort.) 
Thus a computing machine is one of the exceptional artifacts. They 
not only have to perform a billion or more steps in a short time, but 
in a considerable part of the procedure (and this is a part that is 
rigorously specified in advance) they are permitted not a single error. 
In fact, in order to be sure that the whole machine is operative, and 
that no potentially degenerative malfunctions have set in, the present 
practice usually requires that no error should occur anywhere in the 


entire procedure. 

This requirement puts the large, high-complexity computing 
machines in an altogether new light. It makes in particular a comparison 
between the computing machines and the operation of the natural 
organisms not entirely out of proportion. 

The Analogy Principle. All computing automata fall into two great 
classes in a way which is immediately obvious and which, as you will 
see in a moment, carries over to living organisms. This classification is 
into analogy and digital machines. 
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the intensity of an electrical curre 
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hich two currents are fed and which produces 
a current equal to their product. You are certainly familiar with many 


other ways in which a wide variety of natural Processes can be used to 
perform this and many other mathematical operations, 

The first well-integrated, large computing m 
an analogy machine, V. Bush’s Differential An 
the way, did the computing not with e 
tating disks. I shall not discuss the 
of rotation of these disks we 
tions of mathematics, 

I shall make no attempt to enumerate, cla 
wide variety of analogy principles 
in computing. They are confusingly multiple, The 
without which it is impossible to reach 
tion is the classical one of all “commun 
noise ratio.” That is, the critical question with e 
is this: How large are the uncontrollable fluctu 
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instead of the simpler and elegant electrical ones. (This, at least, has 
been the case throughout most of the last twenty years. More recently, 
in certain applications which required only very limited precision the 
electrical devices have again come to the fore.) In comparing mechani- 
cal with electrical analogy processes, this roughly is true: Mechanical 
arrangements may bring this noise level below the “maximum signal 
level” by a factor of something like J: 10 or 105. In electrical arrange- 
ments, the ratio is rarely much better than 1:107. These ratios repre- 
sent, of course, errors in the elementary steps of the calculation, and 
not in its final results. The latter will clearly be substantially larger. 

The Digital Principle. A digital machine works with the familiar 
method of representing numbers as aggregates of digits. This is, by the 
way, the procedure which all of us use in our individual, non-mechani- 
cal computing, where we express numbers in the decimal system. 
Strictly speaking, digital computing need not be decimal. Any integer 
larger than one may be used as the basis of a digital notation for num- 
bers. The decimal system (base 10) is the most common one, and all 
digital machines built to date operate in this system. It seems likely, 
however, that the binary (base 2) system will, in the end, prove 
preferable, and a number of digital machines using that system are now 
under construction. 

The basic operations in a digital machine are usually the four species 
of arithmetic: addition, subtraction, multiplication, and division. We 
might at first think that, in using these, a digital machine possesses (in 
contrast to the analogy machines referred to above) absolute precision. 
This, however, is not the case, as the following consideration shows. 

Take the case of multiplication. A digital machine multiplying two 
10-digit numbers will produce a 20-digit number, which is their prod- 
uct, with no error whatever. To this extent its precision is absolute, 
even though the electrical or mechanical components of the arithmeti- 
cal organ of the machine are as such of limited precision. As long as 
there is no breakdown of some component, that is, as long as the 
operation of each component produces only fluctuations within its 
preassigned tolerance limits, the result will be absolutely correct. This 
is, of course, the great and characteristic virtue of the digital proce- 
dure. Error, as a matter of normal operation and not solely (as in- 
dicated above) as an accident attributable to some definite breakdown, 
nevertheless creeps in, in the following manner. The absolutely correct 
product of two 10-digit numbers is a 20-digit number. If the machine 
is built to handle 10-digit numbers only, it will have to disregard the 
last 10 digits of this 20-digit number and work with the first 10 digits 
alone. (The small, though highly practical, improvement due to a pos- 
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sible modification of these 
here.) If, on the other hand, 
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noise in an analogy machine, It is, arithmetically, completely deter— 
mined in every particular instance, Yet its mode of determination is so 
complicated, and its Variations throughout the number of instances of 
its occurrence in a problem so irregular, that it usually can bë treated 
to a high degree of approximation as a random variable. l 
(These considerations apply to multiplication, For division the situa- 
tion is even slightly worse, since a quotient can in zën aral i 00 be 
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reduction of the noise level is increasingly difficult in an analogy 
mechanism, and increasingly easy in a digital one. In an analogy 
machine a precision of 1 in 10* is easy to achieve; 1 in 104 somewhat 
difficult; 1 in 10° very difficult; and 1 in 10° impossible, in the present 
state of technology. In a digital machine, the above precisions mean 
merely that one builds the machine to 3, 4, 5, and 6 decimal places, 
respectively. Here the transition from each stage to the next one gets 
actually easier. Increasing a 3-place machine (if anyone wished to 
build such a machine) to a 4-place machine is a 33 per cent increase; 
going from 4 to 5 places, a 20 per cent increase; going from 5 to 6 
places, a 17 per cent increase. Going from 10 to 11 places is only a 
10 per cent increase. This is clearly an entirely different milieu, from 
the point of view of the reduction of “random noise,” from that of 
physical processes. It is here—and not in its practically ineffective 
absolute reliability—that the importance of the digital procedure lies. 


COMPARISONS BETWEEN COMPUTING MACHINES 
AND LIVING ORGANISMS 

Mixed Character of Living Organisms. When the central nervous 
system is examined, elements of both procedures, digital and analogy, 
are discernible. 

The neuron transmits an impulse. This appears to be its primary 
function, even if the last word about this function and its exclusive 
or non-exclusive character is far from having been said. The nerve 
impulse seems in the main to be an all-or-none affair, comparable to 
a binary digit. Thus a digital element is evidently present, but it is 
equally evident that this is not the entire story. A great deal of what 
goes on in the organism is not mediated in this manner, but is de- 
pendent on the general chemical composition of the blood stream or of 
other humoral media. It is well known that there are various composite 
functional sequences in the organism which have to go through a 
variety of steps from the original stimulus to the ultimate effect—some 
of the steps being neural, that is, digital, and others humoral, that is, 
analogy. These digital and analogy portions in such a chain may al- 
ternately multiply. In certain cases of this type, the chain can actually 
feed back into itself, that is, its ultimate output may again stimulate 
its original input. 

It is well known that such mixed (part neural and part humoral ) 
feedback chains can produce processes of great importance. Thus the 
mechanism which keeps the blood pressure constant is of this mixed 
type. The nerve which senses and reports the blood pressure does it 
by a sequence of neural impulses, that is, in a digital manner. The 
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muscular contraction which this impulse system induces may still 
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the phenomena of “breakdown” or “all-or-none” response only under 
very particular conditions of operation. There is little difference be- 
tween this performance and the above-described performance of 
neurons. To put it somewhat differently. None of these is an exclusively 
all-or-none organ (there is little in our technological or physiological 
experience to indicate that absolute all-or-none organs exist); this, 
however, is irrelevant. By an all-or-none organ we should rather mean 
one which fulfills the following two conditions. First, it functions in 
the all-or-none manner under certain suitable operating conditions. 
Second, these operating conditions are the ones under which it is 
normally used; they represent the functionally normal state of affairs 
within the large organism, of which it forms a part. Thus the important 
fact is not whether an organ has necessarily and under all conditions 
the all-or-none character—this is probably never the case—but rather 
whether in its proper context it functions primarily, and appears to be 
intended to function primarily, as an all-or-none organ. I realize that 
this definition brings in rather undesirable criteria of “propriety” of 
context, of “appearance” and “intention.” I do not see, however, how 
we can avoid using them, and how we can forego counting on the 
employment of common sense in their application. I shall, accordingly, 
in what follows use the working hypothesis that the neuron is an all- 
or-none digital organ. I realize that the last word about this has not 
been said, but I hope that the above excursus on the limitations of this 
working hypothesis and the reasons for its use will reassure you. I 
merely want to simplify my discussion; I am not trying to prejudge 
any essential open question. 

In the same sense, I think that it is permissible to discuss the neurons 
as electrical organs. The stimulation of a neuron, the development and 
progress of its impulse, and the stimulating effects of the impulse at 
a synapse can all be described electrically. The concomitant chemical 
and other processes are important in order to understand the internal 
functioning of a nerve cell. They may even be more important than the 
electrical phenomena. They seem, however, to be hardly necessary for 
a description of a neuron as a “black box,” an organ of the all-or-none 
type. Again the situation is no worse here than it is for, say, a vacuum 
tube. Here, too, the purely electrical phenomena are accompanied by 
numerous other phenomena of solid state physics, thermodynamics, 
mechanics. All of these are important to understand the structure of a 
vacuum tube, but are best excluded from the discussion, if it is to 
treat the vacuum tube as a “black box” with a schematic description. 

The Concept of a Switching Organ or Relay Organ. The neuron, as 
well as the vacuum tube, viewed under the aspects discussed above, 
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are then two instances of the same generic entity, which it is customary 
to call a “switching organ” or “relay organ. (The electromechanical 
relay is, of course, another instance.) Such an organ is defined as a 
“black box,” which responds to a specified stimulus or combination of 
stimuli by an energetically independent response. That is, the response 
is expected to have enough energy to cause several stimuli of the same 
kind as the ones which initiated it. The energy of the response, there- 
fore, cannot have been supplied by the original stimulus. It must 
originate in a different and independent source of power. The stimulus 
merely directs, controls the flow of energy from this source, 
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about the treatment of the “memory,” which I will not discuss here.) 
It is possible that in later years the machine sizes will increase again, 
but it is not likely that 10,000 (or perhaps a few times 10,000) switch- 
ing organs will be exceeded as long as the present techniques and 
philosophy are employed. To sum up, about 10+ switching organs seem 
to be the proper order of magnitude for a computing machine. 

In contrast to this, the number of neurons in the central nervous 
system has been variously estimated as something of the order of 10%. 
I do not know how good this figure is, but presumably the exponent at 
least is not too high, and not too low by more than a unit. Thus it is 
very conspicuous that the central nervous system is at least a million 
times larger than the largest artificial automaton that we can talk about 
at present. It is quite interesting to inquire why this should be so and 
what questions of principle are involved. It seems to me that a few 
very clear-cut questions of principle are indeed involved. 

Determination of the Significant Ratio of Sizes for the Elements. 
Obviously, the vacuum tube, as we know it, is gigantic compared to a 
nerve cell. Its physical volume is about a billion times larger, and its 
energy dissipation is about a billion times greater. (It is, of course, im- 
possible to give such figures with a unique validity, but the above ones 
are typical.) There is, on the other hand, a certain compensation for 
this. Vacuum tubes can be made to operate at exceedingly high speeds 
in applications other than computing machines, but these need not 
concern us here. In computing machines the maximum is a good deal 
lower, but it is still quite respectable. In the present state of the art, it 
is generally believed to be somewhere around a million actuations per 
second. The responses of a nerve cell are a good deal slower than this, 
perhaps 1/2000 of a second, and what really matters, the minimum 
time-interval required from stimulation to complete recovery and, pos- 
sibly, renewed stimulation, is still longer than this—at best approxi- 
mately 1/200 of a second. This gives a ratio of 1:5000, which, how- 
ever, may be somewhat too favorable to the vacuum tube, since 
vacuum tubes, when used as switching organs at the 1,000,000 steps 
per second rate, are practically never run at a 100 per cent duty cycle. 
A ratio like 1:2000 would, therefore, seem to be more equitable. Thus 
the vacuum tube, at something like a billion times the expense, out- 
performs the neuron by a factor of somewhat over 1000. There is. 
therefore, some justice in saying that it is less efficient by a factor of 


the order of a million. 

The basic fact is, in every respect, the small size of the neuron 
compared to the vacuum tube. This ratio is about a billion, as pointed 
out above. What is it due to? 
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Analysis of the Reasons for the Extreme 
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materials employed. Our present techniques involve the using of 
metals, with rather close spacings, and at certain critical points 
separated by vacuum only. This combination of media has a peculiar 
mechanical instability that is entirely alien to living nature. By this I 
mean the simple fact that, if a living organism is mechanically injured, 
it has a strong tendency to restore itself. If, on the other hand, we hit 
a man-made mechanism with a sledge hammer, no such restoring 
tendency is apparent. If two pieces of metal are close together, the 
small vibrations and other mechanical disturbances, which always 
exist in the ambient medium, constitute a risk in that they may bring 
them into contact. If they were at different electrical potentials, the 
next thing that may happen after this short circuit is that they can 
become electrically soldered together and the contact becomes per- 
manent. At this point, then, a genuine and permanent breakdown will 
have oceurred. When we injure the membrane of a nerve cell, no such 
thing happens. On the contrary, the membrane will usually reconsti- 
tute itself after a short delay. 

It is this mechanical instability of our materials which prevents us 
from reducing sizes further. This instability and other phenomena of a 
comparable character make the behavior in our componentry less than 
wholly reliable, even at the present sizes. Thus it is the inferiority of 
our materials, compared with those used in nature, which prevents us 
from attaining the high degree of complication and the small dimen- 
sions which have been attained by natural organisms. 


THE FUTURE LOGICAL THEORY OF AUTOMATA 


Further Discussion of the Factors That Limit the Present Size of 
Artificial Automata. We have emphasized how the complication is 
limited in artificial automata, that is, the complication which can be 
handled without extreme difficulties and for which automata can still 
be expected to function reliably. Two reasons that put a limit on 
complication in this sense have already been given. They are the large 
size and the limited reliability of the componentry that we must use, 
both of them due to the fact that we are employing materials which 
seem to be quite satisfactory in simpler applications, but marginal 
and inferior to the natural ones in this highly complex application. 
There is, however, a third important limiting factor, and we should 
now turn our attention to it. This factor is of an intellectual, and not 
physical, character. 

The Limitation Which Is Due to the Lack of a Logical Theory of 
Automata. We are very far from possessing a theory of automata which 
deserves that name, that is, a properly mathematical-logical theory. 
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point it produces, in effect, complete unreliability. The probability 
levels which are involved here are very low, but still not too far 
removed from the domain of ordinary technological experience. It is 
not difficult to estimate that a high-speed computing machine, dealing 
with a typical problem, may have to perform as much as 101° 
individual operations. The probability of error on an individual 
operation which can be tolerated must, therefore, be small compared 
to 10-12, I might mention that an electromechanical relay (a telephone 
relay) is at present considered acceptable if its probability of failure 
on an individual operation is of the order 10-8. It is considered 
excellent if this order of probability is 10 5. Thus the reliabilities 
required in a high-speed computing machine are higher, but not 
prohibitively higher, than those that constitute sound practice in 
certain existing industrial fields. The actually obtainable reliabilities 
are, however, not likely to leave a very wide margin against the 
minimum requirements just mentioned. An exhaustive study and a non- 
trivial theory will, therefore, certainly be called for. 

Thus the logic of automata will differ from the present system of 
formal logic in two relevant respects. 

1. The actual length of “chains of reasoning,” that is, of the chains 
of operations, will have to be considered. 

2. The operations of logic (syllogisms, conjunctions, disjunctions, 
negations, etc., that is, in the terminology that is customary for 
automata, various forms of gating, coincidence, anti-coincidence, 
blocking, etc., actions) will all have to be treated by procedures 
which allow exceptions (malfunctions) with low but non-zero proba- 
bilities. All of this will lead to theories which are much less rigidly 
of an all-or-none nature than past and present formal logic. They 
will be of a much less combinatorial, and much more analytical, 
character. In fact, there are numerous indications to make us believe 
that this new system of formal logic will move closer to another 
discipline which has been little linked in the past with logic. This is 
thermodynamics, primarily in the form it was received from Boltzmann, 
and is that part of theoretical physics which comes nearest in some of 
its aspects to manipulating and measuring information. Its techniques 
are indeed much more analytical than combinatorial, which again 
illustrates the point that I have been trying to make above. It would, 
however, take me too far to go into this subject more thoroughly on 
this occasion. 

All of this re-emphasizes the conclusion that was indicated earlier, 
that a detailed, highly mathematical, and more specifically analytical, 
theory of automata and of information is needed. We possess only 
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mediately. In other words, natural organisms are constructed to make 
errors as inconspicuous, as harmless, as possible. Artificial automata 
are designed to make errors as conspicuous, as disastrous, as possible. 
The rationale of this difference is not far to seek. Natural organisms 
are sufficiently well conceived to be able to operate even when mal- 
functions have set in. They can operate in spite of malfunctions, and 
their subsequent tendency is to remove these malfunctions. An artificial 
automaton could certainly be designed so as to be able to operate 
normally in spite of a limited number of malfunctions in certain 
limited areas. Any malfunction, however, represents a considerable 
risk that some generally degenerating process has already set in 
within the machine. It is, therefore, necessary to intervene immediately, 
because a machine which has begun to malfunction has only rarely a 
tendency to restore itself, and will more probably go from bad to 
worse. All of this comes back to one thing. With our artificial automata 
we are moving much more in the dark than nature appears to be with 
its organisms. We are, and apparently, at least at present, have to be, 
much more “scared” by the occurrence of an isolated error and by the 
malfunction which must be behind it. Our behavior is clearly that of 
overcaution, generated by ignorance. 

The Single-Error Principle. A minor side light to this is that almost 
all our error-diagnosing techniques are based on the assumption that 
the machine contains only one faulty component. In this case, iterative 
subdivisions of the machine into parts permit us to determine which 
portion contains the fault. As soon as the possibility exists that the 
machine may contain several faults, these, rather powerful, dichotomic 
methods of diagnosis are lost. Error diagnosing then becomes an 
increasingly hopeless proposition. The high premium on keeping the 
number of errors to be diagnosed down to one, or at any rate as low 
as possible, again illustrates our ignorance in this field, and is one of 
the main reasons why errors must be made as conspicuous as possible, 
in order to be recognized and apprehended as soon after their occur- 
rence as feasible, that is, before further errors have had time to 
develop. 


PRINCIPLES OF DIGITALIZATION 


Digitalization of Continuous Quantities: the Digital Expansion 
Method and the Counting Method. Consider the digital part of a 
natural organism; specifically, consider the nervous system. It seems 
that we are indeed justified in assuming that this is a digital mechanism, 
that it transmits messages which are made up of signals possessing 
the all-or-none character. (See also the earlier discussion, page 10.) 
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In other words, each elementary signal, each impulse, simply either 
is or is not there, with no further shadings. A particularly relevant 
illustration of this fact is furnished by those cases where the under- 
lying problem has the opposite character, that is, where the nervous 
system is actually called upon to transmit a continuous quantity. 
Thus the case of a nerve which has to report on the v. 
is characteristic. 


alue of a pressure 
Assume, for example, that a pressure (clearly a continuous quantity ) 
is to be transmitted. It is well known how this trick is done. The nerv 
Which does it still transmits nothing but individual 
pulses. How does it then express the continuously numerical value 
of pressure in terms of these impulses, that is, of digits? In other 
words, how does it encode a continuous number into a digital notation? 
It does certainly not do it by expanding the number in question into 
decimal (or binary, or any other base) digits in the conventional 
sense. What appears to happen is that it transmits pulses 
which varies and which is within certain limits propc 
continuous quantity in question, and generally 
of it. The mechanism which achieves this 
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steps) by counting, a million pulses have to be transmitted. In order to 
express a number of the same size by expansion, 6 or 7 decimal digits 
are needed, that is, about 20 binary digits. Hence, in this case only 
20 pulses are needed. Thus our expansion method is much more 
economical in notation than the counting methods which are resorted to 
by nature. On the other hand, the counting method has a high stability 
and safety from error. If you express a number of the order of a million 
by counting and miss a count, the result is only irrelevantly changed. 
If you express it by (decimal or binary) expansion, a single error in a 
single digit may vitiate the entire result. Thus the undesirable trait of 
our computing machines reappears in our digital expansion system; 
in fact, the former is clearly deeply connected with, and partly a 
consequence of, the latter. The high stability and nearly error-proof 
character of natural organisms, on the other hand, is reflected in the 
counting method that they seem to use in this case. All of this reflects 
a general rule. You can increase the safety from error by a reduction 
of the efficiency of the notation, or, to say it positively, by allowing 
the simplest form of achieving 


redundancy of notation. Obviousl 
safety by redundancy is to use the, per se, quite unsafe digital expan- 
sion notation, but to repeat every such message several times. In the 
case under discussion, nature has obviously resorted to an even more 
redundant and even safer system. 

There are, of course, probably other reasons why the nervous system 
uses the counting rather than the digital expansion. The encoding- 
decoding facilities required by the former are much simpler than those 
required by the latter. It is true, however, that nature seems to be 
willing and able to go much further in the direction of complication 
than we are, or rather than we can afford to go. One may, therefore, 
suspect that if the only demerit of the digital expansion system were 
its greater logical complexity. nature would not, for this reason alone, 
have rejected it. It is, nevertheless 
indication of its use in natural organisms. It is difficult to tell how 
much “final” validity one should attach to this observation. The point 
deserves at any rate attention, and should receive it in future investi- 
gations of the functioning of the nervous system. 


true that we have nowhere an 


FORMAL NEURAL NETWORKS 


The McCulloch-Pitts Theory of Formal Neural Networks, A great 
deal more could be said about these things from the logical and the 
organizational point of view, but I shall not attempt to say it here. 
I shall instead go on to discuss what is probably the most significant 
result obtained with the axiomatic method up to now. I mean the 
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remarkable theorems of McCulloch and Pitts on the relationship of 
logics and neural networks. 

In this discussion I shall, as I have said, take the strictly axiomatic 
point of view, I shall, therefore, view a neuron as a “black box” with 
a certain number of inputs that receive stimuli and an output that 
emits stimuli. To be specific, I shall assume that the input connections 
of each one of these can be of two types, excitatory and inhibitory. 
The boxes themselves are also of two types, threshold 1 and threshold 
2. These concepts are linked and circumscribed by the following defi- 
nitions. In order to stimulate such an organ it is necessary that it should 
receive simultaneously at least as many stimuli on its excit 
as correspond to its threshold, and not a single stimulus 
of its inhibitory inputs. If it has been thus stimulated 
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pletely described, are per se unable of mechanical, neural realization. 
The McCulloch-Pitts result puts an end to this. It proves that anything 
that can be exhaustively and unambiguously described, anything that 
can be completely and unambiguously put into words, is ipso facto 
realizable by a suitable finite neural network. Since the converse state- 
ment is obvious, we can therefore say that there is no difference 
between the possibility of describing a real or imagined mode of 
behavior completely and unambiguously in words, and the possibility 
of realizing it by a finite formal neural network. The two concepts 
are co-extensive. A difficulty of principle embodying any mode of 
behavior in such a network can exist only if we are also unable to 
describe that behavior completely. 

Thus the remaining problems are these two. First, if a certain mode 
of behavior can be effected by a finite neural network, the question 
still remains whether that network can be realized within a practical 
size, specifically, whether it will fit into the physical limitations of the 
organism in question. Second, the question arises whether every exist- 
ing mode of behavior can really be put completely and unambiguously 
into words. 

The first problem is, of course, the ultimate problem of nerve physi- 
ology, and I shall not attempt to go into it any further here. The 
second question is of a different character, and it has interesting logi- 
cal connotations. 

Interpretations of This Result. There is no doubt that any special 
phase of any conceivable form of behavior can be described “com- 
pletely and unambiguously” in words. This description may be lengthy, 
but it is always possible. To deny it would amount to adhering to a 
form of logical mysticism which is surely far from most of us. It is, 
however, an important limitation, that this applies only to every ele- 
ment separately, and it is far from clear how it will apply to the 
entire syndrome of behavior. To be more specific, there is no difficulty 
in describing how an organism might be able to identify any two 
rectilinear triangles, which appear on the retina, as belonging to the 
same category “triangle.” There is also no difficulty in adding to this, 
that numerous other objects, besides regularly drawn rectilinear tri- 
angles, will also be classified and identified as triangles—triangles 
whose sides are curved, triangles whose sides are not fully drawn, 
triangles that are indicated merely by a more or less homogeneous 
shading of their interior, etc. The more completely we attempt to 
describe everything that may conceivably fall under this heading, the 
longer the description becomes. We may have a vague and uncom- 
fortable feeling that a complete catalogue along such lines would not 
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only be exceedingly long, but also unavoidably indefinite at its bound- 
aries. Nevertheless, this may be a possible operation. 


All of this, however, constitutes only a small fragment of the more 
general concept of identification analogous geometrical entities. 
This, in turn, is only a microscopic piece of the 
analogy. Nobody would attempt to describe and define within any 
practical amount of space the general concept of analogy which domi- 
nates our interpretation of vision, There is no basis for saying whether 
such an enterprise would require thousands or millions or altogether 
impractical numbers of volumes. Now it is perfectly possible that the 
simplest and only practical way actually to say what constitutes a 
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THE CONCEPT OF COMPLICATION; SELF-REPRODUCTION 


The Concept of Complication. The discussions so far have shown 
that high complexity plays an important role in any theoretical effort 
relating to automata, and that this concept, in spite of its prima facie 
quantitative character, may in fact stand for something qualitative— 
for a matter of principle. For the remainder of my discussion I will 
consider a remoter implication of this concept, one which makes one 
of the qualitative aspects of its nature even more explicit. 

There is a very obvious trait, of the “vicious circle” type, in nature, 
the simplest expression of which is the fact that very complicated 
organisms can reproduce themselves. 

We are all inclined to suspect in a vague way the existence of a 
concept of “complication.” This concept and its putative properties 
have never been clearly formulated. We are, however, always tempted 
to assume that they will work in this way. When an automaton per- 
forms certain operations, they must be expected to be of a lower 
degree of complication than the automaton itself. In particular, if an 
automaton has the ability to construct another one, there must be a 
decrease in complication as we go from the parent to the construct. 
That is, if A can produce B, then A in some way must have contained 
a complete description of B. In order to make it effective, there must 
be, furthermore, various arrangements in A that see to it that this 
description is interpreted and that the constructive operations that it 
calls for are carried out. In this sense, it would therefore seem that 
a certain degenerating tendency must be expected, some decrease in 
automaton. 


complexity as one automaton makes anothe 

Although this has some indefinite plausibility to it, it is in clear 
contradiction with the most obvious things that go on in nature. 
Organisms reproduce themselves, that is, they produce new organisms 
with no decrease in complexity. In addition, there are long periods 
of evolution during which the complexity is even increasing. 
Organisms are indirectly derived from others which had lower 
complexity. 

Thus there exists an apparent conflict of plausibility and evidence, 
if nothing worse. In view of this, it seems worth while to try to see 


whether there is anything involved here which can be formulated 


rigorously. 

So far I have been rather vague and confusing, and not uninten- 
tionally at that. It seems to me that it is otherwise impossible to give 
a fair impression of the situation that exists here. Let me now try to 


become specific. 
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Turings Theory of Computing Automata. The English logician, 
Turing, about twelve years ago attacked the following problem. 

He wanted to give a general definition of what is meant by a com- 
puting automaton. The formal definition came out as follows: 

An automaton is a “black box,” which will not be described in detail 
but is expected to have the following attributes. It possesses a finite 
number of states, which need be prima facie characterized only by 
stating their number, say n, and by enumerating them accordingly: 
1, 2, . n. The essential operating characteristic of th 
consists of describing how it is caused to change its state, that is, to 
go over from a state i into a state J. This ch 
action with the outside world, which will bi 
lowing manner. As far as the machine is concerned, let the whole 
outside world consist of a long paper tape. Let this ‘tapë be, say, 1 
inch wide, and let it be subdivided into fields (squares) 1 ieh long; 
On each field of this strip we may or may not put a si zn, say, a dot 
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He investigated the question as to which automata were able to 
construct which sequences. That is, given a definite law for the for- 
mation of such a sequence, he inquired as to which automata can be 
used to form the sequence based on that law. The process of “forming” 
a sequence is interpreted in this manner. An automaton is able to 
“form” a certain sequence if it is possible to specify a finite length 
of tape, appropriately marked, so that, if this tape is fed to the autom- 
aton in question, the automaton will thereupon write the sequence 
on the remaining (infinite) free portion of the tape. This process of 
writing the infinite sequence is, of course, an indefinitely continuing 
one. What is meant is that the automaton will keep running indefi- 
nitely and, given a sufficiently long time, will have inscribed any 
desired (but of course finite) part of the (infinite) sequence. The 
finite, premarked, piece of tape constitutes the “instruction” of the 
automaton for this problem. 

An automaton is “universal” if any sequence that can be produced 
by any automaton at all can also be solved by this particular autom- 
aton. It will, of course, require in general a different instruction for 
this purpose. 

The Main Result of the Turing Theory. We might expect a priori 
that this is impossible. How can there be an automaton which is at 
least as effective as any conceivable automaton, including, for exam- 
ple, one of twice its size and complexity? 

Turing, nevertheless, proved that this is possible. While his con- 
struction is rather involved, the underlying principle is nevertheless 
quite simple. Turing observed that a completely general description 
of any conceivable automaton can be (in the sense of the foregoing 
definition) given in a finite number of words. This description will 
contain certain empty passages—those referring to the functions men- 
tioned earlier (j, p, f in terms of i, e), which specify the actual func- 
tioning of the automaton. When these empty passages are filled in, we 
deal with a specific automaton. As long as they are left empty, this 
schema represents the general definition of the general automaton. 
Now it becomes possible to describe an automaton which has the 
ability to interpret such a definition. In other words, which, when fed 
the functions that in the sense described above define a specific autom- 
aton, will thereupon function like the object described. The ability 
to do this is no more mysterious than the ability to read a dictionary 
and a grammar and to follow their instructions about the uses and 
principles of combinations of words. This automaton, which is con- 
structed to read a description and to imitate the object described, is 
then the universal automaton in the sense of Turing. To make it dupli- 


28 The General and Logical Theory of Automata 


it suffices 
on in question and, in 
ice would have required 


cate any operation that any other automaton can perform 
to furnish it with a description of the automat 
addition, with the instructions which that dev: 
for the operation under consideration. 
Broadening of the Pro 
Automata. For the ques 
reproduction” of automa’ 


gram to Deal with Automata That Produce 
tion which concerns me here, that of “self- 
ta, Turing’s proc 
respect only. His automata are purely 
put is a piece of tape with ze 
the construction to which 
is other automata. There 
dealing with this broader 
alent of Turing’s result, 
The Basic Definitions. 


edure is too narrow in one 
computing machines. Their out- 
ros and ones on it. What is needed for 
I referred is an automaton whose output 
is, however, no difficulty in principle in 
concept and in deriving from it the equiv- 


As in the previous instance, it is again of 
primary importance to give a rigorous definition of what constitutes 
an automaton for the purpose of the investigation. First 

to draw up a complete list of the elementary parts to be used. This 
list must contain not only a complete enumeration but also 
operational definition of each element 
draw up such a list, that is, to wri 
which is sufficiently inclusive 


of all, we have 


a complete 
ary part. It is relatively easy to 
te a catalogue of “machine parts” 
to permit the construction of the wide 
variety of mechanisms here required, and which has the axiomatic rigor 
that is needed for this kind of consideration. The list need not be 
long either, Tt can, of course, be made either arbitrarily 
trarily short. It may be lengthened by including in it 
parts, things which could be achieved by combin 
can be made short—in fact, it can be made 
—by endowing each elementary part with 
and functions. Any statement on the 
required will therefore represent 
Pet, nd age — 10 expected from any one ele 

ary part is made to perform sever 


Separate, functions. In this sense, it can be shown that a 


elementary Parts suffice. The problem of self. 
be stated like this: Can one build an 
in such a manner that if it is put into 
all these elements in large numbers, 


other aggregates, es 


very 
long or arbi- 
> as elementary 
ations of others. It 
to consist of a single unit 
a multiplicity of attributes 
number of elementary parts 
a common-sense compromise, in 


mentary 
al, obviously 
bout a dozen 
reproduction can then 
aggregate out of such ele 


a reservoir, in which ther 


it will then b. 
ach of which wil] at the end 


i turn out to be a 7 
automaton exactly like the original one? This is feasible and a 
ciple on which it can be based is closely related to Turing’s pri 15 
outlined earlier, ii i 


ments 


e float 
egin to construct 


John von Neumann 29 


Outline of the Derivation of the Theorem Regarding Self-reproduc- 
tion. First of all, it is possible to give a complete description of every- 
thing that is an automaton in the sense considered here. This descrip- 
tion is to be conceived as a general one, that is, it will again contain 
empty spaces. These empty spaces have to be filled in with the func- 
tions which describe the actual structure of an automaton. As before, 
the difference between these spaces filled and unfilled is the difference 
between the description of a specific automaton and the general descrip- 
tion of a general automaton. There is no difficulty of principle in 
describing the following automata. 

(a) Automaton A, which when furnished the description of any 
other automaton in terms of appropriate functions, will construct that 
entity. The description should in this case not be given in the form 
of a marked tape, as in Turing’s case, because we will not normally 
choose a tape as a structural element. It is quite easy, however, to 
scribe combinations of structural elements which have all the nota- 
tional properties of a tape with fields that can be marked. A descrip- 
tion in this sense will be called an instruction and denoted by a letter I. 

“Constructing” is to be understood in the same sense as before. The 


constructing automaton is supposed to be placed in a reservoir in which 
all elementary components in large numbers are floating, and it will 
effect its construction in that milieu. One need not worry about how 
a fixed automaton of this sort can produce others which are larger and 
more complex than itself. In this case the greater size and the higher 
complexity of the object to be constructed will be reflected in a presum- 
ably still greater size of the instructions I that have to be furnished. 
These instructions, as pointed out, will have to be aggregates of ele- 
mentary parts. In this sense, certainly, an entity will enter the process 
e and complexity is determined by the size and complexity 


whose s 


of the object to be constructed. 
In what follows, all automata for whose construction the facility A 


will be used are going to share with A this property. All of them will 
have a place for an instruction I, that is, a place where such an instruc- 
tion can be inserted. When such an automaton is being described (as, 
for example, by an appropriate instruction), the specification of the 
location for the insertion of an instruction I in the foregoing sense is 
understood to form a part of the description. We may, therefore, talk 
of “inserting ‘a given instruction I into a given automaton,” without 
any further explanation. 

(b) Automaton B, which can make a copy of any instruction I that 
is furnished to it. I is an aggregate of elementary parts in the sense 
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outlined in (4), replacing a tape. This facility will be used when I 
furnishes a description of another automaton. In other words, this 
automaton is nothing more subtle than a “reproducer’—the machine 
which can read a punched tape and produce a second punched tape 
that is identical with the first. Note that this automaton, too, can pro- 
duce objects which are larger and more complicated than itself. Note 
again that there is nothing surprising about it. Since it e 
an object of the exact size 
be furnished to it as input. 


After these preliminaries, we can proc 


an only copy, 
and complexity of the output will have to 


eed to the decisive step. 

(c) Combine the automata A and B with each other, and with a 
control mechanism C which does the following. Let A be furnished 
with an instruction I (again in the sense of [a] and [b]). Then C will 
first cause A to construct the automaton which is described by this 
instruction I. Next C will cause B to copy the instruction I referred 
to above, and insert the copy into the automaton referred to above, 
which has just been constructed by A. Finally, C will separate this 
construction from the system A + B + C and “turn it loose” as an 
independent entity. 

(d) Denote the total aggregate A + B + C by D. 

(e) In order to function, the aggregate D = A + B + C must be 
furnished with an instruction I, as described above. This instruction, 
as pointed out above, has to be inserted into A. Now form 
tion Ip, which describes this automaton D, and insert I, into A within 
D. Call the aggregate which now results E. 

E is clearly self-reproductive, Note 
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in connection with mutation, lethally as a rule, but with a possibility 
of continuing reproduction with a modification of traits. It is, of course, 
equally clear at which point the analogy ceases to be valid. The 
natural gene does probably not contain a complete description of the 
object whose construction its presence stimulates. It probably contains 
only general pointers, general cues. In the generality in which the fore- 
going consideration is moving, this simplification is not attempted. It 
is, nevertheless, clear that this simplification, and others similar to it, 
are in themselves of great and qualitative importance. We are very far 
from any real understanding of the natural processes if we do not 
attempt to penetrate such simplifying principles. 

Small variations of the foregoing scheme also permit us to construct 
automata which can reproduce themselves and, in addition, construct 
others. (Such an automaton performs more specifically what is prob- 
ably a—if not the—typical gene function, self-reproduction plus pro- 
duction—or stimulation of production—of certain specific enzymes.) 
Indeed, it suffices to replace the Ip by an instruction Inr, Which 
describes the automaton D plus another given automaton F. Let D, with 
\ within it, be designated by Er. This Ey clearly 


Inr inserted into - 
It will reproduce itself, and, 


has the property already described. 
besides, construct F. 

Note that a “mutation” of Er, which takes place within the F-part 
of Ip} p in Ey, is not lethal. If it replaces F by F’, it changes Ey into 
Eu, that is, the “mutant” is still self-reproductive; but its by-product 
is changed—F’ instead of F. This is, of course, the typical non-lethal 
mutant, 


All these are very crude steps in the direction of a systematic theory 


of automata, They represent, in addition, only one particular direction. 
This is, as I indicated before, the direction towards forming a rigorous 
concept of what constitutes “complication.” They illustrate that “com- 
plication” on its lower levels is probably degenerative, that is, that 
every automaton that can produce other automata will only be able 
to produce less complicated ones. There is, however, a certain mini- 
mum level where this degenerative characteristic ceases to be univer- 
sal. At this point automata which can reproduce themselves, or even 
construct higher entities, become possible. This fact, that complication, 
as well as organization, below a certain minimum level is degenerative, 
and beyond that level can become self-supporting and even increas- 
ing, will clearly play an important role in any future theory of the 
subject, 
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DR. MC CULLOCH: I confess that there is nothing I envy Dr. von Neu- 
mann more than the fact that the machines with which he has to cope 
are those for which he has, from the beginning, a blueprint of what 
the machine is supposed to do and how it is supposed to do it. 
Unfortunately for us in the biological sciences—or, at least, in psy- 
chiatry—we are presented with an alien, or enemy’s, machine. We 
do not know exactly what the machine is supposed to do and certainly 
we have no blueprint of it. In attacking our problems, we only know, 
in psychiatry, that the machine is producing wrong answers. We 
know that, because of the damage by the machine to the machine 
itself and by its running amuck in the world. However, what sort of 
difficulty exists in that machine is no easy matter to determine. 

As I see it what we need first and foremost is not a correct theory, 
but some theory to start from, whereby we may hope to ask a 
question so that we'll get an answer, if only to the effect that our 
notion was entirely erroneous. Most of the time we 
around to asking the question in such a form th 

I'd like to say, historically, how I came to be interested in this 
particular problem, if you'll forgive me, because it does bear on this 
matter. I came, from a major interest in philosophy and mathematics, 
into psychology with the problem of how a thing like mathematics 
could ever arise—what sort of a thing it was. For that reason, I 
gradually shifted into psychology and thence, for the reason that I 
again and again failed to find the significant variables, I was forced 
into neurophysiology. The attempt to construct a theory in a field 
like this, so that it can be put to any verification, is tough. Humorously 
enough, I started entirely at the wrong angle, about 1919, trying to 
construct a logic for transitive verbs. That turned out to be as mean a 
problem as modal logic, and it was not until 
that I began to Set going the right way 
formulated the required logical c 
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sufficient to show that a nervous system can compute any computable 
number. It is that kind of a device, if you like—a Turing machine. 

The question at once arose as to how it did certain of the things 
that it did do. None of the theories tell you how a particular operation 
is carried out, any more than they tell you in what kind of a nervous 
system it is carried out, or any more than they tell you in what part 
of a computing machine it is carried out. For that you have to have 
the wiring diagram or the prescription for the relations of the 
gears. 

This means that you are compelled to study anatomy, and to require 
of the anatomist the things he has rarely given us in sufficient detail. 
I taught neuro-anatomy while I was in medical school, but until the 
last year or two I have not been in a position to ask any neuro- 
anatomist for the precise detail of any structure. I had no physiological 
excuse for wanting that kind of information. Now we are beginning 
to need it. ? 

DR. GERARD: I have had the privilege of hearing Dr. von Neumann 
speak on various occasions, and I always find myself in the delightful 
but difficult role of hanging on to the tail of a kite. While I can follow 
him, I can’t do much creative thinking as we go along. I would like 
to ask one question, though, and suspect that it may be in the minds 
of others. You have carefully stated, at several points in your discourse, 
that anything that could be put into verbal form—into a question 
with words—could be solved. Is there any catch in this? What is the 
implication of just that limitation on the question? 

DR. VON NEUMANN: I will try to answer, but my answer will have 
to be rather incomplete. 

The first task that arises in dealing with any problem—more 
specifically, with any function of the central nervous system—is to 
formulate it unambiguously, to put it into words, in a rigorous sense. 
If a very complicated system—like the central nervous system—is 
involved, there arises the additional task of doing this “formulating,” 
this “putting into words,” with a number of words within reasonable 
limits—for example, that can be read in a lifetime. This is the place 
where the real difficulty lies. 

In other words, I think that it is quite likely that one may give a 
purely descriptive account of the outwardly visible functions of the 
central nervous system in a humanly possible time. This may be 10 
or 20 years—which is long, but not prohibitively long. Then, on the 
basis of the results of McCulloch and Pitts, one could draw within 
plausible time limitations a fictitious “nervous network” that can carry 
out all these functions. I suspect, however, that it will turn out to be 
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much larger than the one that we actually possess. It is possible that 
it will prove to be too large to fit into the physical universe, What then? 
Haven't we lost the true problem in the process? 

Thus the problem might better be viewed, not as one of imitating 
the functions of the central nervous system with just any kind of 
network, but rather as one of doing this with a network that will fit 
into the actual volume of the human brain. Or, better still, with one 
that can be kept going with our actual metabolistic “power supply” 
facilities, and that can be set up and organized by our actual genetic 
control facilities. 

To sum up, I think that the first phase of our proble: 
formalistic one, that one of finding any “e 
has been overcome by McCulloch and Pi 
the “malaise” felt in connection with att 


m—the purely 
quivalent network” at all— 
tts. I also think that much of 
empts to “explain” the central 
nervous system belongs to this phase—and should therefore be 
considered removed. There remains, however, plenty of malaise due to 
the next phase of the problem, that one of finding an “equivalent 
network” of possible, or even plausible, dimensions and (metabolistic 
and genetic) requirements. 

The problem, then, is not this: How does the centr: 
effect any one, particular thing? It is rather: 
things that it can do, in their full comple 
of its organization? How does it at is, lethal, 
malfunctions over periods that seem to average many decades? 

DR. GERARD: Did you mean to imply that there are unformulated 
problems? 
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tingencies have been foreseen, and the corresponding corrective 
measures built in, is actually conceivable. 

DR. VON NEUMANN: I will not try, of course, to answer the question as 
to how evolution came to any given point. I am going to make, 
however, a few remarks about the much more limited question 
regarding errors, foreseeing errors, and recognizing and correcting 


errors. 

An artificial machine may well be provided with organs which 
recognize and correct errors automatically. In fact, almost every 
well-planned machine contains some organs whose function is to do 
just this—always within certain limited areas. Furthermore, if any 
particular machine is given, it is always possible to construct a second 
machine which “watches” the first one, and which senses and possibly 
even corrects its errors. The trouble is, however, that now the second 
machine’s errors are unchecked, that is, quis custodiet ipsos custodes? 
Building a third, a fourth, etc., machine for second order, third order, 
ete., checking merely shifts the problem. In addition, the primary and 
the secondary machine will, together, make more errors than the 
first one alone, since they have more components. 

Some such procedure on a more modest scale may nevertheless 
make sense. One might know, from statistical experience with a certain 
machine or class of machines, which ones of its components mal- 
function most frequently, and one may then “supervise” these only, ete. 

Another possible approach, which permits a more general quantita- 
tive evaluation, is this; Assume that one had a machine which has a 
probability of 10% to malfunction on any single operation, that is, 
which will, on the average, make one error for any 1019 operations. 
Assume that this machine has to solve a problem that requires 1012 
Operations. Its normal “unsupervised” functioning will, therefore, on 
the average, give 100 errors in a single problem, that is, it will be 
completely unusable. 

Connect now three such machines in such a manner that they 
always compare their results after every single operation, and then 
Proceed as follows. (a) If all three have the same result, they continue 
unchecked. (b) If any two agree with each other, but not with the 
third, then all three continue with the value agreed on by the majority. 
(c) If no two agree with each other, then all three stop. 

This system will produce a correct result, unless at some point in 
the problem two of the three machines err simultaneously. The 
probability of two given machines erring simultaneously on a given 
Operation is 10-19 x 10 = 10-2". The probability of any two 
doing this on a given operation is 3 X 1020 (there are three possible 
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system but also for its relative stability under all kinds of abnormal 
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eee eee T Ao miot Hii Wilh this conclusion. The argu- 
mentation that you have used is risky, and requires great care. 

One can in fact guard against errors that are not specifically 
forescen. These are some examples that show what | mean. 

One can design and build 


an electrical automaton which will 
function as long as every resistor in it deviates no more than 10 per cent 
from its standard design value. You may now tr 15 na 55 
machine by experimental treatments which walt 55 7 resistor 
values (as, for example, by heating certain regions i d ve achine). 
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To sum up: Errors and sources of errors need only be foreseen 
generically, that is, by some decisive traits, and not specifically, that is, 
in complete detail. And these generic coverages may cover vast 
territories, full of unforeseen and unsuspected—but, in fine, irrele- 
vant—details. 

DR. MC CULLocH: How about designing computing machines so that 
if they were damaged in air raids, or what not, they could replace parts, 
or service themselves, and continue to work? 

DR. VON NEUMANN: These are really quantitative rather than quali- 
tative questions. There is no doubt that one can design machines 
which, under suitable conditions, will repair themselves. A practical 
discussion is, however, rendered difficult by what I believe to be a 
rather accidental circumstance. This is, that we seem to be operating 
with much more unstable materials than nature does. A metal may 
seem to be more stable than a tissue, but, if a tissue is injured, it has a 
tendency to restore itself, while our industrial materials do not have 
this tendency, or have it to a considerably lesser degree. I don’t think, 
however, that any question of principle is involved at this point. This 
reflects merely the present, imperfect state of our technology—a state 
that will presumably improve with time. 

DR. LASHLEY: I’m not sure that I have followed exactly the meaning 
of “error” in this discussion, but it seems to me the question of 
precision of the organic machine has been somewhat exaggerated. 
In the computing machines, the one thing we demand is precision; 
on the other hand, when we study the organism, one thing which 
we never find is accuracy or precision. In any organic reaction there 
is a normal, or nearly normal, distribution of errors around a mean. 
The mechanisms of reaction are statistical in character and their 
accuracy is only that of a probability distribution in the activity of 
enormous numbers of elements. In this respect the organism resembles 
the analogical rather than the digital machine. The invention of 
symbols and the use of memorized number series convert the organism 
into a digital machine, but the increase in accuracy is acquired at the 
sacrifice of speed. One can estimate the number of books on a shelf 
at a glance, with some error. To count them requires much greater 
time. As a digital machine the organism is inefficient. That is why 
you build computing machines. 

DR. VON NEUMANN: I would like to discuss this question of precision 
in some detail. 

It is perfectly true that in all mathematical problems the answer 
is required with absolute rigor, with absolute reliability. This may, 
but need not, mean that it is also required with absolute precision. 
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In most problems for the sake of which computing machines are being 
built—mostly problems in various parts of applied mathematics, 
mathematical physics—the precision that is wanted is quite limited. 
That is, the data of the problem are only given to limited precision, and 
the result is only wanted to limited precision. This is quite compatible 
with absolute mathematical rigor, if the sensitivity of the result to 
changes in the data as well as the limits of uncertainty (that is, the 
amount of precision) of the result for given data are (rigorously ) 
known. 

The (input) data in physical problems are ofte 
better than a few (say 5) per cent. The resul 
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probably not be 100 million times the individual (round-off) error, 
but about the square root of 100 million times, that is, about 10,000 
times. A precision of 10 per cent—one part in 10—in the result should 
therefore require 10,000 times more precision than this on individual 
steps (multiplication round-offs): namely, one part in 100,000, that 
is, 5 decimal places. Actually, more will be required because the 
(round-off) errors made in the earlier parts of the calculation are 
frequently “amplified” by the operations of the subsequent parts of 
the calculation. For these reasons 8 to 10 decimal places are probably 
a minimum for such a machine, and actually many large problems 
may well require more. 

Most analogy computing machines have much less precision than 
this (on elementary operations). The electrical ones usually one part 
in 100 or 1000, the best mechanical ones (the most advanced “differ- 
ential analyzers”) one part in 10,000 or 50,000. The virtue of the 
digital method is that it will, with componentry of very limited 
precision, give almost any precision on elementary operations. If one 
part in a million is wanted, one will use 6 decimal digits; if one part 
in 10 billions is wanted, one need only increase the number of 
decimal digits to 10; etc. And yet the individual components need 
only be able to distinguish reliably 10 different states (the 10 decimal 
digits from 0 to 9), and by some simple logical and organizational 
tricks one can even get along with components that can only distin- 


guish two states! 

I suspect that the central nervous system, because of the great 
complexity of its tasks, also faces problems of “internal” precision 
or reliability. The all-or-none character of nervous impulses may be 
connected with some technique that meets this difficulty, and this— 
unknown—technique might well be related to the digital system 
that we use in computing, although it is probably very different from 
the digital system in its technical details. We seem to have no idea 
as to what this technique is. This is again an indication of how little 
we know. I think, however, that the digital system of computing is 
the only thing known to us that holds any hope of an even remote 
affinity with that unknown, and merely postulated, technique. 

DR. MccuLLocH: I want to make a remark in partial answer to 
Dr. Lashley. I think that the major woe that I have always encountered 
in considering the behavior of organisms was not in such procedures 
as hitting a bull’s-eye or judging a distance, but in mathematics and 
logic. After all, Vega did compute log tables to thirteen places. He 
made some four hundred and thirty errors, but the total precision of 
the work of that organism is simply incredible to me. 
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DR. LASHLEY: You must keep in mind that such an achievement is 
not the product of a single elaborate integration but represents a 
great number of separate processes which 
discriminations far above threshold v 
great accuracy of neural activity. 
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stricts our concern to the first two classes. However, these define the 
third. It is probably significant that psychologists such as Spearman 
and Thurstone have made considerable progress in describing these 
outcomes in mathematical notation. 

DR. LORENTE DE NO: I began my training in a very different manner 
from Dr. McCulloch. I began as an anatomist and became interested 
in physiology much later. Therefore, I am still very much of an 
anatomist, and visualize everything in anatomical terms. According 
to your discussion, Dr. von Neumann, of the McCulloch and Pitts 
automaton, anything that can be expressed in words can be performed 
by the automaton. To this I would say that I can remember what you 
said, but that the McCulloch-Pitts automaton could not remember 
what you said. No, the automaton does not function in the way that 
our nervous system does, because the only way in which that could 
happen, as far as I can visualize, is by having some change continu- 
ously maintained. Possibly the automaton can be made to maintain 
memory, but the automaton that does would not have the properties of 
our nervous system. We agree on that, I believe. The only thing that 
I wanted was to make the fact clear. 

DR. VON NEUMANN: One of the peculiar features of the situation, 
of course, is that you can make a memory out of switching organs, 
but there are strong indications that this is not done in nature. And, 
by the way, it is not very efficient, as closer analysis shows. 
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As the industrial revolution concludes in bigger and better bombs, 
an intellectual revolution opens with bigger and better robots. The 


former revolution replaced muscles by engines and was limited by 
the law of the conservation of energy, or of mass-energy. The new 
revolution threatens us, the thinkers, with technological unemploy- 
ment, for it will replace brains with machines limited by the law that 
entropy never decreases. These machines, whose evolution competi- 
tion will compel us to foster, raise the @ppropriate practical question: 
“Why is the mind in the head?” 

Coming as I do between psyche 
I must so define my terms that I car 
mind and body and the 
things made. 

By the term “mind,” I mean ide 
I mean stuff and process. Stuff an 
cist as mass and energy in sp: 
he keeps only in the realm of 
of the phenomena he observes, In this I a 
observes is some sort of order or invariance nts: Beer 
object he detects in the world is some sort of r ity. The inate 
of these objects is the first law of Science, tect regularities in 
the relations of objects and so cons t ial y 1 
the disciplines of logic and mathematics, In these fundamentally tau- 
tological endeavors we invent surprising regularities, 5 
transformations which conserve whatever truth may lie in te prono- 
sitions they transform. This is inv prop 


T sensation but not esse stially hes PS remo ved from 
i sensati ni esser y different 10 
si mple sensatio} t rent. It id 


or invariants, which I call ideas, whether they are theorems of great 
abstraction or qualities simply sensed. The reason for stehu x 
them from physics is that they must not be SUPPosed to be either stuff 
or process in the causal sequences of any part of the World, They are 


anatomized 
bridge the 
technical gap betwe, 


and psyche synthesized, 
traditional gulf between 
en things begotten and 


as and purpose 
d process are f. 
ace and time, but ide; 
discourse and w 


s. By the term “body,” 
amiliar to every physi- 
as and purposes 
t postulate them 
Sree with him. But what he 
e in the flux of eve 


ill no 


42, 


Warren S. McCulloch 43 


neither material nor efficient. So, to my mind Newton, Planck, and 
God as a sort of mind at large in the world 
the action of gravity at a distance. 
a 


Jeans sin by introducing 
to account for physical effects, like 

But let us now compel our physicist to account for himself as 
part of the physical world. In all fairness, he must stick to his own 
rules and show in terms of mass, energy, space, and time how it comes 
about that he creates theoretical physics. He must then become a neu- 
rophysiologist (that is what happened to me), but in so doing he will 
be compelled to answer whether theoretical physics is something which 
he can discuss in terms of neurophysiology (and that is what happened 
to me). To answer “no” is to remain a physicist undefiled. To answer 
“yes” is to become a metaphysician—or so I am told. 

But is that just? The physicist believes entropy to be somehow in 
or of physical systems. It may or must increase with time. But it is 
neither material nor efficient, in fact it is a number, namely, the loga- 
rithm of the probability of the state. It is, therefore, a measure of the 
disorder of an ensemble—or collection of systems. Now Norbert 
at information is orderliness and suggests that 


Wiener has proposed th 
the logarithm of the reciprocal of 


We measure it by negative entropy. 
the probability of the state. Let us, for this argument, accept his sug- 
gestion. Ideas are then to be construed as information. Sensation 


becomes entropic coupling between us and the physical world, and our 
interchange of ideas, entropic coupling among ourselves. Our knowl- 
edge of the world, our conversation—yes, even our inventive thought 
—are then limited by the law that information may not increase on 
going through brains, or computing machines. 

The attempt to quantify the information leads to a search for an 
appropriate unit, which, in turn, forces us to distinguish between two 
types of devices. In so-called logical, or digital, contrivances, a number 
to be — ear by a number of things—as we may tally 
grain in a barn by dropping a pebble in a jug for each sheaf. The 
abacus is such a device. The nervous system is par excellence a logical 
machine, In so-called analogical contrivances a quantity of something, 
say a voltage or a distance, is replaced by a number of whatnots or, 
conversely, the quantity replaces the number. Sense organs and effec- 
tors are analogical. For example, the eye and the ear report the contin- 
uous variable of intensity by discrete impulses the logarithm of whose 
frequency approximates the intensity. But this process is carried to 
extremes in our appreciation of the world in pairs of opposites. As 
Alemaeon, the first of experimental neurophysiologists, so well 
observed, “the majority of things human are two’—white-black, 
sweet-bitter, good-bad, great-small. Our sense organs, detecting regu- 
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j oe ide 
larities the same in all respects save one, create dichotomies and deci 


between opposites. These the “brain somehow fits together.” From this 
sprang associationalism, culminating in Mill’s evolutionary mpage 
that things are similar for us which have occurred together in the 
experience of our progenitors, and Kapper’s law that nervous nee 
associated in action become associated in position. Neither proposes 
any mechanism other than random variation and the survival of those 
in whom the happy concatenation occurred, We inherit a nervous 
system so structured that y ceive similarities (or have ideas) 
and these, not isolated, but Conjoined within the system in many useful 


ways. That synthetic a Priori is the theme of all our physiological psy- 
chology, learning excepted, 
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one of 2100.000.000 possible states, or the amount of information it has 
is a hundred million units per millisecond. 

Now Pitts and I have computed the information in the output of a 
piano player surpassing any ever known. We have given him a key- 
board of a hundred keys, let him strike independently with each 
finger with any one of ten strengths ten times per second, and let each 
hand span ten keys. That sounds like a lot of information, but on com- 
puting it we find it is only about two units per millisecond. 

Recent telephonic devices have sampled waves every thousandth 
of a second and passed on one pip if the wave was then of a given 
deviation from the mean, otherwise no pip. These are relayed to a 
smearing device and heard. It is better than 90 per cent as intelligible 
as the original voice. Three such pips per millisecond determined by 
eight possible values of the wave reproduce an orchestra. So much 
information at most may we hope to convey. 

Whether we figure the ratio of input to output from our impossible 
player or from human speech, the corruption is of the order of a 
n to one. Part of this corruption is referable to the 


hundred millior 
em to our muscles and is avoided in some 


coupling of our nervous s 
of the Crustacea. They use axons of several sizes, and by varying the 
frequency of discharge obtain more degrees of contraction than there 
are possible synchronous states of the nerves to their muscles. The 
viscosity of muscle smears the result in time, so that the rate at which 
impulses can come over the nerve is wasted by the inability of muscle 
to follow. In us a nerve of a thousand axons can be in 21% possible 
states, whereas the muscle, because it can only add tensions, has only 
a thousand possible states. 1000 is about 21°; so the corruption in 
passing from nerve to brawn is 100 to 1. 

What becomes of all the rest of the information? To answer that, 
conceive neurons as telegraphic relays. Each one may be tripped by 
some combination of signals provided these are very nearly syn- 
chronous. It detects the coincidence and only then emits a signal to 
subsequent relays. Now the threshold of the photoreceptors of the eye 
is always varying. At any one millisecond it may be tripped by a 
single photon, and, at another, fail to fire in response to many. By 
connecting many of these to a coincidence detector set to require a 
reasonable number of impulses simultaneously, we have a signal which 
corresponds to a statistically significant fraction of its receptors and 
so we wash out the random variation of threshold. Thus using the 
relayed information that fails to agree with other information, we 
achieve a high probability that what goes on through the nervous sys- 
tem does correspond to something in the world. Perhaps it will be 
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clearer to say it this way. The logical probability that a neuron will 
have an impulse in one millisecond is 1/2 

ensemble in the same milli 
will fire by chance simult 
separately; that is, 
system, by repeated 
probability that wh 
input. We pay for 
brain about the hu 


chance that what 
2- 


that two neurons of an 
second 1/2 & 1/2. The chance that both 
aneously is the product of their probabilities 
it is smaller; 1/4, Therefore, 


in the nervous 
y demanding coincide 


nee we vastly increase the 
at is in the output corresponds to something in the 
certainty with information. The eye relays to the 
indredth part of the information it receives. The 
it does relay is due to chance is fantastically small, 
100, a billionth of a billionth of a billionth of a tenth of one per cent. 
Here, then, is the first technically important difference between us 
and robots. In them We cannot afford to carry out any computations, 
no matter how simple, in a hundred parallel paths and demand coin- 
cidence. Consequently, no computing machine is as likely to go right 
under conditions as various as those we undergo, 

Accordingly to increase certainty every hy 
mum logical, or a priori, probability so t 
experiment, then it shall be bec 
Unfortunately for those who que 
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quired is many million times more. Press on the eye and you see light 
when there is no light. The signals are false. Thus nervous impulses 
are atomic signals, or atomic propositions on the move. To them the 
calculus of propositions applies provided each is subscripted for the 
time of its occurrence and implication given a domain only in the past. 
In terms of such a calculus applied to nervous nets, Pitts and I have 
been able to prove that even nets devoid of circles can realize any 
proposition which is a logical consequence of its input. As this is the 
most that any net can do it is obviously an adequate theory. We know, 
of course, that facilitation and extinction occur, and we showed that 
whatever these can effect can be done digitally, or discretely, by 
go, no-go devices. In our first essay, we were unable to obtain much 
more than the calculus of atomic propositions; but, by introducing 
circles in which a train of impulses patterned after some fact could 
circulate, we did get existential operators for time past. 

This is the argument: In a net in which there are no re-entrant paths 
in the net implies a signal in a neuron nearer to 
receptors, and so backward in time until we arrive at the receptors. 
The signal here and now in this net implies the signal sent there just 
then. But once set going, a disturbance in a closed chain implies that 
there was a signal in its input at some time but does not indicate at 
what time. In short, the reverberating activity patterned after some- 
thing that happened retains the form of the happening but loses track 
of when it happened. Thus it shows that there was some time at 
which such and such occurred. The “such and such” is the idea 


a signal anywhere 


wrenched out of time. 
It is an eternal idea in a transitory memory wherein the form exists 


only so long as the reverberation endures. When that ceases, the form 
is no longer anywhere. Only this kind of memory remains to aged 
brains in which no new abiding traces can be made and old ones 
fade. While we are young, use leaves some sort of change, as freshets 
cut their channels in the hills so that aftercoming waters follow and 
enlarge their beds. Yet all other forms of memory, including written 
records, do nothing which cannot also be achieved by mere reverbera- 
tion, and hence add nothing to the theory. 

There are other closed paths important in the origin of ideas, cir- 
cuits which have “negative feedback.” In terms of them reflexes were 
first defined as actions starting in some part of the body, setting up 
impulses to the central nervous system, whence they were reflected to 
those structures in which they arose, and there stopped or reversed 
the process that gave rise to them. All inverse feedbacks have this in 
common, that each establishes some particular state of the system, for 
they bring it back toward that state by an amount which increases 


48 Why the Mind Is in the Head 


with their deviation from that state. Th 
operated. The state toward which the 
aim, or end in and of the operation. This is what is meant by function. 
On these circuits Cannon founded his the 
Rosenblueth and Wiener their theory of teleological mechanisms. 

Any such circuit becomes a servomechanism 
lar state it is to seek can be dete 
tends to keep our muscles 
mined for these circuits 
almost all p 


ey are, as we say, error- 
y return the system is the goal, or 


ory of homeostasis, and 


as soon as the particu- 
rmined for it. Thus the stretch reflex 
at constant length, but that length is deter- 
by more complicated arcs which traverse 
arts of the central nervous system and require the reflex 
to seek those states which permit us to stand and move. 

One reflex turns the eyes toward anything that enters the visual 


field. Its path runs from the eye by fibers that bypass the geniculate 
to enter the superior colliculi 


upon which they map the visual field. 
Here local circuits compute the vector from the center of gaze to the 
center of gravity of the apparition and send this information to the 
oculomotor nuclei which, in turn, relay orders to the appropriate mus- 
cles and turn the eyes so as to decrease that vector, As it reaches zero 
the eyes come to rest with the apparition centered. This reflex, I am 
told, will operate even in a man who has lost one-half kis visual cortex, 
if he is dark adapted and a light, unseen by him, is Blase lin 115 blind 
field. If two are placed there the eyes turn Soccer 5 . ene inter- 
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circuit follows two other devices serving the same end; namely, the 
slow adaptation of the retina and the rapid change of pupillary diam- 
eter. All together these enable us to detect the form though the inten- 
sity of its illumination range through 39 decibels, that is, from faint 
starlight to full daylight—only we may not look at the sun without 
closing our eyes. 

There are also appetitive circuits with a part of their path, from 
receptors to effectors, inside us, and the rest through the world outside. 
They are said to be inverse feedbacks over the target. Given any two 
inverse feedbacks which working together would destroy us, like 
swallowing and inhaling, there is built into us some connection 
between their paths whereby, when both are set going, one stops the 
other, In the case of learned modes of appetitive behavior, similar 
inhibitory links must be acquired or we perish. If we have three 
incompatible circuits in which A dominates B and B dominates C, the 
chances are equal whether A will dominate C or C, A. We speak of 
the end-in-operation of the dominant as of greater value. We have 
even tried to construct scales of value for diverse ends, but, since 
dominance is sometimes circular, values are not magnitudes of a single 
kind, and the terms “greater” and “less” are simply inapplicable. What 
we have called the value anomaly and regarded as evidence of a lack 
of order or system bespeaks, in fact, order of a kind we had not imag- 
ined, and a system tighter knit. Here endeth the psychological blind 
alley and Plato’s theory of the Good. We cannot make one scale of 
value that predicts choice. Only knowledge of mechanism permits such 
prophecy. 

I drew a circuit to move a figure, given anywhere in a mosaic of 
relays, to all positions in one direction. From each relay impulses 
ascended diagonally in the required direction through sheets of 
relays resembling the original mosaic and so spaced that their con- 
stituent relays formed columns perpendicular to the planes. And I 
set the threshold of all relays so that none would fire except when a 
slanting impulse coincided with one in the plane of that relay. I 
brought the output of every relay vertically all the way down to the 
aic. Now when there is a simultaneous volley of the 


original mos 
given place in the original mosaic and at 


required figure at the 
the same time a simultaneous volley to all the relays of any one of the 
sheets above, the figure is reproduced on that sheet by a volley in 
the relays where the slanting volley hits the sheet. Thence it projects 
straight down on the original mosaic. This reproduces the figure at a 
distance which steps off in the direction of the slant by a number of 
relays proportional to the height of the excited sheet. Now let the 
figure endure by a series of volleys at its origin, and excite the sheets 
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require coincidence to fire, we will have for every chord regardless 
of pitch a corresponding spot of maximal coincidence. The activity of 
this spot proposes the required universal, or idea. If we were to 
excite this spot electrically in waking man at operation, he should 
report hearing the chord. He does, but unfortunately no one has asked 
him whether he hears it at some particular pitch. The experiment is 
difficult because the primary auditory cortex is buried deep, and the 
secondary adjacent to it almost as deep, in the fissure of Sylvius. 
Moreover, I have not been able to map well the projection of the 
primary upon the secondary; and, finally, the interpretation is com- 
plicated by a direct projection upon the second with the sequence of 
pitches reversed. Fortunately these difficulties are not present in the 
visual area of man or monkey. 

I drew a circuit to extract shape regardless of size, and this was 
mistaken by both von Bonin and Percival Bailey for a schematic 
representation of the outer strip of Baillarger which makes the visual 
cortex the “area striata.” We start again with a mosaic. Select a 
point to represent the center of gaze and map the visual field as a 
set of concentric circles whose radii are proportional to the logarithm 
of the angles at the eye. From the mosaic let impulses proceed along 
branching channels spraying outward as they ascend through sheets 
of relays in which the density of relays decreases but their threshold 
increases as we go from below upward. From all of these relays let 
signals rise to corresponding upper layers of relays where coincidence 
with sweeping pulses is required, and let the signals of these layers 
converge on relays of low threshold, thence descend to leave the area 
striata. Now, with the pulse of scansion we shall have successively in 
this output all possible dilatations and constrictions of any figure in the 
input. The possibilities are limited by the grain and gross dimensions 
of the cortex, but these limit input and output equally. Since we have, 
in the output, all sizes made from a given one it makes no difference 
which size was given in the input. 

Had we not conformed to present knowledge by mapping radial 
angles by their logarithms we would be compelled to require that 
the branching ascent of the input take a radial direction, but as it is it 
may branch nearly equally in all directions. Hence we cannot hope to 
detect much difference in histological study, even by silver stains of 
fibers, between sections cut radially and others, tangentially, in the 
visual cortex, or even in ones parallel to the surface. Thanks to 
Ramon y Cajal and Lorente de Nó, we know that the anatomical 
connections are at least sufficient for the theory. Here, as in audition 
if the alpha rhythm evinces the scansion, we should be able to see fen 
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Older schools of physiological psychology and of neurology, guided 
by atomistic associational doctrines, tended to think in terms of 
neurons, each of which had one duty, for example, to know squares. 
This seems to be at least partially true of spots in the secondary visual 
cortex. Gestalt psychologists have treated the mosaic of relays of the cor- 
tex as if it were a field on which sensations mapped synchronously. 
This seems more likely true of receptors like the retina, for even its 
cortical replica is bisected by a line down the middle of the field 
and the halves mapped far asunder. Now it is easy to show that 
both of these “caricature” the nervous process. We need only note 
that a nervous net can take any figure in space, requiring an ensemble 
of a given number of neurons simultaneously, and convert it into a 
figure of impulses over a single neuron requiring as many relay times 
as there were neurons in the ensemble, and vice versa. From this 
alone it is clear that we cannot tell what kind of thing we must look 
for in a brain when it has an idea, except that it must be invariant 
under all those conditions in which that brain is having that idea. 
So far we have considered particular hypotheses of cortical function. 
They are almost certainly wrong at some point. Because they have 
already had to fit many disparate data, they are of little a priori 
probability. They prophesy the outcome of an infinite number of 
experiments, some of which are almost certain to refute them. 

But with respect to the underlying theory, which is merely glorified 
tautology, there is no such possibility. It is, in fact, little more than 
a simple application of the theory of groups of transformations. For 
any figure in the input of a computing machine it is always possible 
to calculate an output invariant under a group of transformations. 
We calculate a set of averages, for all members of the group, of 
numerical values assigned by an arbitrary functional to each transform 
of the information conceived as the distribution of excitation at all 
points and times in an appropriate manifold. To define the figure 
completely under these transformations, we would need a whole 
manifold of such averages for various functionals, and this manifold 
would have to have as many dimensions as our original one; but, 
for practical purposes, we usually need only a few averages. Since 
in the finite net of relays the number of transformations in finite time 
is finite, we may use simple sums instead of averages. 

This general theory describes all processes of securing invariants, 
or having ideas, which we have discovered or invented to date; 
and one mechanism differs from another in the nature of its arbitrary 
functional. For example, in the cerebral circuits proposed the func- 
tional may always assign the value one to any vector in the manifold 
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We may, of course, make the 

(or of several of them) 
ideas, which is what Sp 
from sensation, 

reducible to pri 
lowest leve 


in effect, it assigns 
he cortex. 

output of any calculator of invariants 
the input to another and so have an idea of 
inoza calls Consciousness, and thus get far away 
But our most remote abstractions are all ultimately 
mitive atomic Propositions and the calculus of the 
l. The domain of their implication lies only in time past. 
If their domain extended into the future, our sensations woald. imply 
our thoughts and our thoughts imply deeds. They do not, for even 


if the threshold of every cell in the nervous system were fixed, between 
the time we conceive an act and the t 


ime the impulses reach the 

motor horn cell, other signals from the world may get there first, 
and so often thwart us. We note the failure in the fact and are forced 
to distinguish between what we will and what we haido Hence the 
notion of the will, a j 
But we do gue: 
baseball we run n 
when we get there 
there were some ] 
yore. Only one o 
by physiologists. 


ss at things to come. When we run to catch a 
ot toward it but toward the place where it will be 
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then attributes motion in the 51 ten a train stops, for 3 
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uniformly it will persist in activity, or pee 1t it has operated onn 
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future. This is what, as 


Past upon 
most, for as 
ur yesterd 
O room for 
E 


a scientist, J dread 
become Creatures o 
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0 Supply the current 


10 million tubes; but it would take N 


Warren S. McCulloch 5⁵ 


and the Niagara River to carry away the heat. So he is limited to about 
che thousandth part of man's computer. He has to be very careful 
to specify in detail which relays are to be connected to à given 
relay to trip it. That is not the case in human brains. Wiener has 
calculated that the maximum amount of information our chromosomes 
can convey would fill one volume of the Encyclopaedia Britannica, 
which could specify all the connections of ten thousand neurons if 
that was all it had to do. As we have 101° neurons, we can inherit only 
the general scheme of the structure of our brains. The rest must be left 
to chance. Chance includes experience which engenders learning. 
Ramon y Cajal suggested that learning was the growing of new 
connections. 

I do not doubt that the cerebral cortex may be the most important 
place in primates. But it is certainly the most difficult place to look 
for change with use. Think of it as a laminated felt of fibers which 
serve to associate neighboring rough columns of cells nearly a 
hundred high and linked together vertically by their. axons. These 
columns are then connected to distant columns by axons which dip 
into the white matter and emerge elsewhere into the cortex. These 
last connections I have studied for many years but have at best a 
of how areas are related, certainly nothing that could 
to distinguish between its connections 


general picture 
give the detail necessary 
before and after learning. 
To understand its proper function we need to know what it 
Its output is some function of its input. As yet we do not 
know, even for the simplest structure, what that function is. We have 
only a few input-output curves for the monosynaptic reflex arc 
obtained by David Lloyd, and now a few more by Arturo Rosenblueth. 
Walter Pitts is analyzing them mathematically at the present moment 
and has as yet no very simple answer. There is no chance that we can 
do even this for the entire cortex. That is why we need such a 
hypothesis as we have proposed for particular areas, for these may be 
disproved by records of electrical activity recorded concurrently at a 


computes. 


few specified places. 
Contrast our ignorance of its proper function with the detailed pres- 
ent knowledge of the projection of the sensory system upon it. For on at 


least two-thirds of its surface we can map the surface of the body, 


outside, and, to some extent, insid 
origin of its specific afferents and through 


e, so as to assign to every square 


millimeter of cortex the 


them the exact position of the 
and continuing right now, the surface of the cerebellum, upon which 


the body maps similarly, is being stimulated and its projection to the 


organs of sense. Beginning last summer, 
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life of the human intellect. The joy of creating ideals, new and eternal, 
in and of a world, old and temporal, robots have it not. For this my 
Mother bore me. 
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DISCUSSION 


DR. LORENTE DE NO: The main question in our minds is whether the 
theory as a whole is going to stand or not. I think that probably many 
of the details will not stand, but that the main concept will certainly 
remain. Im quite sure that all of my colleagues will agree that 
Dr. McCulloch has brought what we know of both the anatomy and 


the physiology of the brain closer to an integrated whole than it has 
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ever been before, and I want 
much and very sincerely, 

DR. VON NEUMANN: I would not like to atte 
of the very beautiful 
Dr. McCulloch, 
general discussior 
with only one 


to congratulate Dr. McCulloch very 


mpt a detailed discussion 
and very interesting presentation made by 
perhaps something like tha 
a. I will, however, 
aspect of the matte 
are giving sufficient mechanisms 
entire philosophy at this time 
ones that are used. You give 
one point where 
burning, and th 
that there are p 
switching org; 


t can be done in the 
ask two questions, both dealing 
r. You have emphasized that yon 
and that it is in conflict with your 
to claim that these are necessarily 90 
proofs of possibility. There is, nevertheless, 
the question of the actual mechanism is especially 
at is the question of memory, 
Ositive feedbacks—re 


You have pointed out 
verberating circuits—built out of 
ans which are quite adequate as memory. If there 
were nothing else in the world except neurons, you could build 
memory out of neurons. My own feeling is th 
to construct in this Way a nervous syste 


it would probably take more neurons than there are, but this is an 
aside. My real question is this: First of all, I have observed that all 
neurologists seem very certain that the reverberating circuit trick is 
not used in making the actual memory, Amorphous intuition points 
in the same direction. In Surmising this is hot so, I have always had a 
bad conscience. I am not sure why they are so Positive. What is the 
best evidence one can give for this? $ 

The second question is this. Mos 
had an opportunity to talk seem to } 


+ n convinced that memory 
is due to some lasting changes somewhere on the body of the nerve 
cell, somehow connected with alterations of thresholds ae t better 
to say that there probably isa memory omewh 3, a : ren 1 
are absolutely ignorant as to where ane. ere, but 155 5 
Greeks, who located the whole inte as ignorant as th 


rer * 
at if one were really 
in with its known attributes 


t neurologists with whom I have 
Pe equally 


organ s 
it is— prob. 


lligence iy ; 
> i z n the dia phragm? 
DR. MCCULLOCH: I’m afraid my answer is necessarily i po a 
In the first place, I would like to contrast bit length) 
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period of a half an hour, very brilliantly and when he came out he sat 
down, answered two letters that were on his desk, turned to his 
secretary, and said, “I have a feeling that I should have gone to a 
Board of Directors Meeting.” He was not then, or at any later time, 
able to recall one iota of that meeting, and he was in that state for 
nearly a year before he died. This is the picture of what we call 
“presbyophrenia.” In that state, whatever our memory organ is, we 
are unable to make any new record in it. Actually, the recent paths 
begin to fade, leaving only earlier memories to pop up. So, at that 
period, one is more likely to remember in detail and individually, the 
things that happened in childhood rather than the things of later 
years. Such a memory goes, quits, stops, the minute the brain is used 
for something else, or the minute that it comes to rest. Here is a 
span of at least 8 hours of high cerebral activity in carrying the 
details from the first moment of the meeting to the end of the meeting. 

Per contra, not all memory can be of this reverberative kind. It is 
obvious that, although this kind of memory is carried reverberatively 
in the brain, it cannot endure during very deep sleep and it cannot 
endure during narcosis. It goes out, when the brain has a seizure and 
it goes out in sleep. In the one case, it goes out because the whole 
apparatus is pervaded by what I will call shock waves which go 
through it and through it and through it in the fit. In the other case, 
it goes out because it has no signals traveling—the brain is “shut down.” 
I believe that only lower mechanisms are really busy in deep sleep. 
Now then, why do we want to attribute the memory to the brain 
at all? Why may it not be in the spleen or somewhere else? The 
answer is because injuries of the brain, but not injuries of other 
things, do result in losses of memory, and that is the fundamental 


the brain. 


reason for pinning it on 
Why does one attribute this, the enduring 


The next question is: 
memory, to a growth process char 
excitability in neurons rather than elsewhere? Well, first, because it 
is a relatively lively process, and when things are growing, one tries 
to pin it on growth processes. Second, because it has the peculiarity 
that what we learn later is only a modification of what is already laid 
down. It is an accumulative affair of this sort. Why attribute it to the 
junctions of cells? Because there is where we imagine the switching 
takes place, and this is the kind of evidence on which we base it. 

Let me tell a tale out of school, even if future evidence fails to 
support it. I will ask Dr. Lettvin's forgiveness later. The theory and 
experiments are his, although I have done some of them with him. 
are designed to meet the requirements of 


age with use—somewhere in the 


His theory, and experiments. 
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the conditioned-reflexologists, Pavlov et al. In deference to them we 
will name one source of afferents U, the unconditioned afferents, 
which can excite an efferent R, the responsive motoneurons, and a 
second set of afferents C, the conditioned afferents, and—Heinrich 
Kliiver and Warren McCulloch to the contrary notwithstanding— 
we will forget for the moment “stimulus equivalence” or “universals 
secured by averaging over groups of transformation” and treat U, Gy 
and R as individual neurons. U can always fire R; but C can become 
able to do so reflexologically only if C and U are excited so as to be 
active concurrently. I mean that if both are concurrently active then, 
thereafter, C alone shall be able to fire R. Now the gist of Dr. Lettvin’s 
analysis is that it still further simplifies the required assumption. 
He asks, for what do we need U—except to excite R—so why not 
make the simple assumption that if C and Rare simultaneously active, 
C shall become able to fire R? Naturally this simplification should not 
occur toa psychologist for he has to use U to excite R. But a physiolo- 
gist may put his electrodes directly upon R, if he can get cher there; 
or he may fire it antidromically. 

Now it is clearly established by the Surgically and electrically perfect 
experiments of Donald Marquis and Arthur Ward chat hes sae 
spinal cord cannot be conditioned, But Cu ler * = tha = 15 
sometimes obtain conditioning of what they — ; sae a di 
neuron reflex are, and this in experiments on b 5 ne 
technically best preparations, Wiener's theory that : = ore pte Then 
suffered a “Wärmetod” of information by the tim n mal cord hes 
walk (that is, its connections are all soldered in) ae = 
this discrepancy. One has only to Suppose that would account for 
something ending on a motoneuron to leave mea one must destroy 
afferent; and the cord, no longer intact, could |} room for 
Cajal supposed, by something else making 
motoneuron. 
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This, in substance, is what we did. We cut the dorsal roots of the 
extension reflex, stimulated its ventral roots antidromically, and at 
the same time stimulated the flexor muscle nerve. This we did to both 
for a long time, minutes or even hours, at about forty per second, 
from separate stimulators. Thereafter, but not before, threshold stim- 
ulation of the flexor nerve elicited contractions of the extensor. Thus 
Dr. Lettvin has proved that the cord, no longer intact, can be condi- 
tioned, but not quite as the psychologist would have it—for he stimu- 
lated C and R, not C and U, concurrently. He has not as yet published, 
and will not publish, these findings to physiologists until his records 
of the times of these impulses at dorsal and ventral roots show con- 
clusively whether or not this functionally new path is monosynaptic. 

If we are not misled by the sensitivity of denervated structures, and 
the cord does so learn, this is crucial to psychologists. The cord is a 
sufficiently simple structure and is sufficiently well known for us to 
hope that an anatomist, with some new technique, may be able to 
find structural changes. 

From what I have said, it should be clear that I do not think learning 
normally occurs in the spinal cord. Even in the earthworm learning 
seems to reside, albeit not in the most anterior segments, still in the 
ammals it may be in the midbrain, or even in the 


forward ganglia. In m : 
anatomical changes there are 


cortex, but our chances of locating 
negligible. 

DR. VON NEUMANN: The experiment which you described—if it were 
done, and if the time relations were clear—would be very convincing. 
In this case one could at least feel certain that the “conditioning” 
al change in the cell actually under consideration. 

The “reverberating circuit” model for the memory does not stri 
me, as I said before, as a particularly elegant one. Nevertheless, it is 
important to know whether it is a possible model or not. I understood 
you to state that it is not. What is the decisive argument against it? 
I understood it to be that there are states when one can be fairly 
certain that the cortex is totally inactive and yet memory persists. 
What exactly is the evidence for this “total inactivity” of the cortex? 
Is it that one has not so far succeeded in picking up any electrical 
signals from it? 

DR. MCCULLOCH: That's right. When our amplifier is turned up 
maximally, we pick up activity only from the respiratory mechanism 
and similar structures. Only they keep on going in deep sleep and in 
the coma following seizures. 

DR. VON NEUMANN: Is this reliable 
nothing else there? 


consists in a physic: 


enough to know that there is 
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it is occupied forever, the memory capacity that it represents is lost; 
it will never be possible to store anything else there. What appears as 
forgetting is then not true forgetting, but merely the removal of that 
particular memory-storage region from a condition of rapid and easy 
- availability. It is not like the destruction 


availability to one of lower 
of a system of files, but rather like the removal of a filing cabinet into 
ses seems to be reversible. 


the cellar. Indeed, this process in many ¢ 
bring the “filing cabinet” up from the “cellar” 
and easily available again. There are many 
“forgetting” and subsequent “remembering” or 
numbers, names—paralleling the 


Various situations may 
and make it rapidly 
examples of this: the 
recovering of languages, telephone 
decreased or increased need for their use. 

situation is a very plausible one, if there is a 
larger than the available switching facilities 
if the memory is thus larger than its 
to introduce a system of priorities 
sion, 


This organizationa 
memory which is much 
for its selective use. Indeed, 
switching system, it will be necessary 
for various parts of the memory. Each part may then, upon oce 
be moved into regions with rapid accessibility, or into regions with 
rather, it may not be moved from region 
ly or to less quickly functioning 


less rapid accessibility. Or. 
to region, but be connected to quick 
portions of the available switching system. 

If this is so, then the memory cannot reside in the actual switching 
and its capacity must be much greater than 
hing system. One must then postulate a 
organization, with considerable 


that is, at the points of contact 


organs in the neurons, 
that represented by the switcl 
very high-capacity memory organ or 
bottlenecks at the “input” and “output,” 
represented by the switching system. 
Does this sound plausible, or is there some flaw in my argument? 
DR. BROSIN: May I break here with the tradition of immediate reply? 
This is a very large subject, and I would like to see if there are other 
commentators. You may gather the evidence, and if we do not have 
time enough today, you can have a full dress performance tomorrow. 
DR. GERARD: I would like to ask a few questions, some of which 
d upon. I have a very trivial one first. I didn’t 


have already been touche 
quite see why you place such dispara 
of the output of the brain in efferent systems and paths as compared to 
the problem of the manipulation of the input of the brain. Tf I correctly 
understood you, you are not particularly worried about the input side. 
I don’t see why that is, and I would like to have you explain it a 
little more clearly. 

I have, also, two other poit 
If learning and remembering are based on grow 


te emphasis on the manipulation 


its that touch on this memory problem. 
th processes of some 
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sort, then they should not be basically different from developmental 
and maturational behavior; and yet it seems to me that some of the 
most striking experimental work in the past does emphasize a very 
fundamental difference between the maturational learning in the 
nervous system and acquiring a new behavioral capacity—experiential 
acquiring of new behavior possibilities. The former takes place cer- 
tainly without any external experience, but you can see that there is 
internal experience. On the question of rest and activity of the ner 
system, several members of the audience, during our intermi 
raised the question with me whether you are not neglecting some 
that you might call automatic activity of neurons. The 
that the output will be determined by the 
something happening independently of the 
question to you in this way. Do I correctly 
suggesting that the scansion machine in your 
nism is the spontaneous brain wave, and whether it starts there or 
below is immaterial? I would like to have that elaborated and made 
a little bit clearer. I personally am surprised at the answer you gave 
Dr. von Neumann, that the brain can be completely quiet, I don’t 
believe that electrically, or in any other way, it is ever completely 
quiet at any time except in death. 

DR. MCCULLOCH: I said, except for lower mechanisms, 

DR. GERARD: I believe that, even in the other mech 
never seen a completely silent brain. 

PR. MCCULLOCH: No, I don’t believe that brain matte: 
pletely quiet. I'll take care of that question later, For the moment it 
is enough that there are times when no signals are reverberatin 

DR. GERARD: If there is a separate memory organ, along the the of 
Dr. von Neumann’s comment, in which you have your files easily 
accessible or down in the basement, that would argue against Fi 
memory traces being associated with the neurons themselves throt td 
out the brain. What about the reversible amnesia problem, wher ay i 
past memory vanishes for long periods and then comes back ie i 
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one. I hope some of the psychologists here can bring the evidence in, 
but I don’t know. However, as far as Tm aware, conditioning under 
the influence of stimulating drugs has not changed the rate of this 
conditioning. 

The last question I should really leave for Dr. Lashley, since it is 
in his field. If these networks of neurons (even allowing for considera- 
ble interchangeability of particular elements of the net) are organized 
so beautifully in the striate and elsewhere for these particular 
functions, then how do you account for some of Dr. Lashley’s critical 
experiments on destruction of different parts of the brain and the 
retention of learning, memory, and all the rest of it? 

DR. KÖHLER: I admire the courage with which Dr. McCulloch tries 
to relate his neurophysiology to facts in psychology. But, when in a 
skeptical mood, I sometimes feel like criticizing the results. Take the 
example of visual shapes which, as we all know, are generally recog- 
nized in a peripheral position (or in a larger size), even if, heretofore, 
they have been seen only in foveal projection (or in a smaller size). 
Dr. McCulloch’s explanation of such achievements introduces more 
histological assumptions ad hoc than seem compatible with usual 
standards of plausibility. In fact, he does not seem himself to maintain 
that a real brain functions in this fashion. Why then the elaborate 
constructions? Most probably the reason is that the atomistic character 
of Dr. McCulloch’s neurophysiology prevents any direct approach 
to relationally determined facts such as visual shapes. The difficulty 
seems to be strongly felt, and special sets of neuron connections are 
now being constructed which merely serve to remove the difficulties 
caused by the main atomistic premise. Would it not be simpler 
never to make this atomistic assumption? If we think of cortical 
function in terms of continuous field physics rather than of impulses 
in neurons, the difficulty never arises. The contours of retinal images 
are projected upon the visual cortex by nerve impulses. Let us 
assume that here they constitute the boundary conditions of field 
processes such as electric currents. Under these circumstances, there 
will be for each set of boundary conditions, that is, for each shape, 
a particular distribution of a directly interrelated function; in other 
words, each shape will be cortically represented by a specific process. 
If the characteristics of such a process remain approximately constant, 
independently of its location and size, then recognition of a shape in a 
new place or size offers no problem which is not also present in the 
recognition of a color in a new place. 

Incidentally, it seems to me misleading to assume that the present 
problem is mainly a problem of recognition, and therefore of memory. 
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When two objects are given simultane 
the eyes do not move, we can comp 
they have the same shape. 
shapes are associated with s 

Occasionally, 


ously in different places while 
are these objects, and say whether 
Once more the implication is that visual 
pecific processes. 

I am afraid, Dr. McCulloch uses psychological terms 
in a strangely diluted sense. In fact, sometimes little is left of what 
they actually mean in psychology. But the change is never mentioned. 
People will therefore tend to believe that, when such terms are now 
being related to neurophysiological hypotheses, it is their real psycho- 
logical contents which are given a physiological interpretation. They 
will not notice that the essential characteristics of the facts in question 
are tacitly being ignored. I have an uneasy feeling that this may 
happen even to the theorist himself. Thus Dr. McCulloch likes to call 
a nerve impulse a “proposition,” 


Moreover, he says that the occurrence 


of a given nerve impulse “implies” the occurrence of preceding 
impulses (in other neurons), by which the given impulse has been 


started. But, typically, a Proposition is concerned with a relation 
between certain terms, whatever the relation may be in individual 
instances. A cortical situation would therefore correspond to a propo- 
sition if in this situation the cortical Counterparts of two terms were 
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(McCulloch’s example) only in the mind of a neurophysiologist who 
knows what must have happened a moment ago at a certain synapse. 
As the present impulse travels along its fiber, it knows nothing of 
preceding impulses. 

For a moment, I must come back to a criticism to which I have 
referred once before. It must be a hard task to give psychological facts 
interpretations in terms of nerve impulses. For when this task arises, 
and is apparently accepted, the theorists soon forget what they must 
now be expected to do, and turn to other problems which are only 
indirectly connected with the original problems. Invariably, such 
substitute problems are more accessible to explanations in terms of 
nerve impulses. On the other hand, since they are somehow related 
to the problems which were actually to be solved, psychological con- 
cepts which are essential in the latter will naturally also be mentioned 
when the substitutes are being discussed. Thus, if interpretations in 
terms of nerve impulses seem to work in the case of the substitutes, 
both the theorists and others will easily believe that actually the 
original problems have been solved. For this is what the theorists 
had promised to achieve. 

Take “having a goal” as an example. Before we realize what is 
happening, the task of explaining this psychological fact in terms of 
nerve impulses has been replaced by another task: Once a person 
has a goal, how is the goal actually reached? Naturally, if this is done 
by overt action, both centrifugal and centripetal nerve impulses will 
play an important role in the process. It is also a most sensible 
suggestion that the action is steered in the right direction by negative 
feedback. But do we learn in this fashion what “having a goal” is in 
terms of nerve impulses? Plainly, we do not. Nonetheless, we may be so 
strongly impressed by what seems to have been achieved that we 
forget what had to be achieved. Of course, it must be difficult to 
understand “having a goal” as a matter of nerve impulses. “Having a 
goal” is again a relational situation. When a person has a goal, his 
self (in a purely empirical sense) is dynamically related to a certain 
object, and therefore, probably, the neural counterpart of the self to 
the counterpart of the object. Moreover, the nature of the relation 
depends entirely upon the perceived characteristics of the object and the 
state of the self at the given time. The theorists themselves seem to 
doubt whether interrelations of this kind can be mediated by nerve 
impulses, which are described as atomic events par excellence. Other- 
wise, why should the theorists prefer to discuss something else, 
namely, goal-directed action? And yet, “having a goal” is a problem 
which must be handled quite apart from overt action in reaching the 
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goal. For people often have goals while they do not yet know how 
these goals can possibly be reached. It also seems probable that a 
really adequate interpretation of “reaching a goal” 
correct interpretation of “having a goal.” 
the dynamic relation between the self and the goal, which seems to 
represent a store of energy, is gradually being changed—until 
eventually, when the goal has been reached, this energy is spent. I have 
a suspicion that the negative feedback involved in the change refers 
to the store of energy implicit in “having a goal.” But, of course, this 
again is thinking in terms of field physics. 

I will remark only in passing that the substitution of one problem for 
another occurs also in Dr, McCulloch’s treatment of “value.” He does 
not give us a theory of value in terms of nerve impulses. But values 
may conflict, just as many other things may conflict, and then the 
question arises which value will win in a given conflict; that is, which 
is the stronger value. It is this question with which he prefers to deal. 
But since the same question may be asked with regard to many facts 
which are not at all values, we have obviously once more lost our 


way. We may easily believe that We are actually dealing with the 
problem of value as such; strengthened by the 


; and this belief will be 
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Quite probably, Dr. McCulloch will not be impressed by these 
arguments. He may feel that I am accepting certain premises F which 
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that such characteristics exist only in the square as an “apparition” (his 
term), that is, as a mental fact, and that, quite apart from the cortical 
situation, this mental fact as such determines what the subjects are 
doing? There is an old name for this view. It is called dualism. I find 
it hard to believe that dualism appeals to Dr. McCulloch, But in this 
connection he does argue as though he were a dualist. 

If we consider how the visual square (the apparition) comes into 
existence, we meet with the same difficulty. How can a cortical process 
such as that of a square give rise to an apparition with certain struc- 
tural characteristics, if these characteristics are not present in the 
process itself? According to Dr. McCulloch, this is actually the case. 
But if we follow the example of physics, we shall hesitate to accept 
his view. In physics, the structural characteristics of a state of affairs 
are given by the structural properties of the factors which determine 
that state of affairs. The magnetic field around a long conductor with 
circular cross section obviously describes circles; the electrostatic 
field around a charged sphere is symmetrical with regard to the 
center of the sphere, and so forth. Situations in physics which depend 
upon the spatial distribution of given conditions never have more, 
and more specific, structural characteristics than are contained in the 
conditions. To be sure, this rule holds only so long as the medium in 
which a physical situation develops is homogeneous, that is, devoid 
of special conditions of its own. For instance, the field around a 
charged sphere will no longer be symmetrical about the center if 
the environment contains various dielectrics in an arbitrary arrange- 
ment. 

If we apply this lesson to the way in which the cortical counterpart 
of a square gives rise to this square, we must choose between two 
possibilities. Either the structural characteristics of the visual square 
are fully determined by its cortical counterpart. Then this cortical 
process must have the structural characteristics of the square. Or we 
assume that the visual square has structural characteristics of its 
own which are not present in the cortical process. Then the world of 
apparitions, the psychological world, constitutes a particular medium 
with special determining conditions, quite apart from cortical condi- 
tions; and it is these conditions in the mental world which add the 
acteristics not contained in the cortical process. The 


structural char: 
again tantamount to dualism. It seems 


second alternative is, of course. 
that if we do not want to be dualists we must accept psychophysical 
isomorphism. 

DR. BROSIN: May I again beg your indulgence and give you a full 
opportunity to continue later? Dr. Lashley. 
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DR. LASHLEY: I am very much in sympathy with the type of develop- 
ment represented in the last two papers. I think any understanding 
of the nervous system we may acquire must be developed within the 
framework of our knowledge of the activities of the individual neuron. 
There may be additional factors introduced by combinations of which 
we know little or nothing at present, but the general principles seem 
to me to be fundamentally correct. At the present time, however, such 


a formulation involves a very great oversimplification of the problems. 


The behavior which is explained is behavior which never occurs in 
the intact organism. It is an hypothetical behavior derived from the 
assumptions of the system rather than a desc iption of observed 
phenomena. A visual object maintains its continuity in spite of constant 
fluctuations in the position of the eyes and shifts in its position on the 
retina. By a series of special assumptions concerning neur 
zation this phenomenon of stimulus equivale 
in terms of impulse switching. But in re 
it makes little difference whether the 
upon the retina. If only part is seen at any one time, the entire form 
is rapidly reconstructed from the series of images of parts. The temporal 
sequence of part figures is combined with the spatial orientation of 
eye movements to give spatial continuity to the whole. This phe- 
nomenon requires a new set of assumptions to make the 
impulse switching applicable. I somewh 
theory which has to be revised to fit each special case 
In its present form the theory of impulse i 
believe, assumptions concerning the 
neuronic structure which are not justified by the facts. We have been 
studying individual variations in the number and astange nent of 
neurons in the cerebral cortex. We find a wide range of 1 8 al 
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any single neuron can have little influence on the whole, just as the 
path of an individual molecule of a gas has little influence on the gas 
pressure. It is questionable whether specific instances of behavior can 
ever be dealt with in terms of the activity of individual neurons; the 
complexity is too great. We shall probably have to use a different 
kind of model, a model which can be explained in principle by 
individual neuron action but which involves a somewhat different 
set of concepts and laws of action. These laws may eventually be 
derived from study of the individual neuron when those properties 
are directly observed. At present, however, many of the properties 
ascribed to the individual neuron are inferred from the activities of 
neuron masses, and explanations based on such inferred properties are 
circular and, perhaps, spurious. 

Some of the specific hypotheses which have been formulated by 
Dr. McCulloch seem to me to meet with serious difficulties. He has sug- 
gested a reverberatory system between the striate cortex, the sup- 
pressor band of area 19, the prestriate region, and the thalamus. 
I have just removed the prestriate region (including areas 18 and 19) 
from a series of monkeys and also the frontal eye fields (another 
suppressor area) singly and in combination. I have been able to 
detect no visual disturbances whatever following the operations. In 
no case have we been able to detect significant perceptual disturbances 
after removal of suppressor areas or of supposed sensory associative 
areas in monkeys. The specific hypotheses which Dr. McCulloch has 
suggested for the action of the visual and auditory analyzers imply a 
definite spatial position of the analyzing mechanisms, Experimentally 
they are not there. 

This leads to the general problem raised by most of the experimental 
studies of effects of cerebral lesions. Limited lesions or interruptions 
of transcortical connections produce few or no symptoms. Behavior 
seems not to depend upon any localized conducting pathways within 
the cortex. Habits are not stored in any limited area. Such facts point to 
the conclusion that there is multiple representation of every function. I 
see no other way of meeting this difficulty except by assuming some sort 
of reduplicated network of equivalent functional circuits. In other 
words, we cannot deal with individual conditioned reflex arcs but 
only with a multiplicity of interacting circuits whose excitatory effects 
can be transmitted around various types of cortical interruption. 

One other point, in relation to the problems of memory raised by 
Dr. von Neumann: For memory there is the same problem of equiva- 
lence as for transneural conduction. I have found, for example, that 
one sixtieth of the visual cortex of the rat will mediate visual memories 
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and it may be any sixtieth, provided it includes part of the central 
projection field. Here, again, there must be some sort of multiple 
representation. The memory is not stored in a single locus. 

Now consider the nature of a memory. It is not a single item which 
can be filed in a single neuron or reverberatory circuit. It is always 
the capacity to reproduce a series of events, to reproduce a complex 
sensory pattern or a series of motor activities, Such neural events in- 
volve the activity of millions of cells. I have come to believe that al- 
most every nerve cell in the cerebral cortex may be excited in every 
activity. I shall give some quantitative evidence of this tomorrow. 
Differential behavior is determined by the combinations of cells 
together rather than by cells which 
of behavior. The same neurons whicl 
participate in the revival of a memory are also involved, in different 
combinations, in thousands of other memories and acts. The memory 
trace is the capacity of many neurons to work together in certain per- 
mutations. In a system of interconnected neurons the number of pos- 
sible permutations may greatly exceed the number of switching 
mechanisms. Perhaps this answers Dr. von Neumann’s difficulty with 
regard to number of elements, It is also an argument against the 
dynamic as opposed to static character of the memory trace 

DR. BROSIN: Dr. Weiss, have you anything to add? f 
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elements, but it must be realized that this impression is illusory. The 
organizational stability of a performance of the nervous system is much 
greater than the precision of the underlying structural apparatus. 

I have referred above to the persistence of the response after ex- 
perimental or pathological interference with the anatomical substrata of 
nervous activity, but want to point now to an even more impressive 
fact, namely, the great variability in the degree of precision of the 
tworks in the course of development. The fact is that we 
frequently suspect a given neuronal precision setup as being relevant 
for a particular neural function, but often find that in an earlier stage 
of development this function will be performed in essentially the same 
way without that particular structural precision scheme having even 
developed as yet. In general, many a condition which we would think 
essential from the study of the developed nervous system loses perti- 
nence when studies of earlier stages show that things work very much 
the same even in its absence. This must be emphasized particularly in 
connection with the present discussion of the relation between input 
and output of the nervous system. It is a fact that most of the basic 
motor patterns of behavior are developed within the nervous system 
by virtue of the laws of its own embryonic differentiation without the 
aid of, and prior to the appearance of, a sensory input from the outside 
world. The basic configuration of the motor patterns, therefore, cannot 
possibly be a direct product of the patterns of the sensory input. A 
study of the development of the nervous system and of behavior forces 
us to consider the output of the nervous system and its patterns as 
formed within the nervous system and ready for use, 
ensory input for release, facilitation, and modification, 


anatomical ne 


primarily pre 
requiring the s 
but not for its primary shaping. 

This brings us to the fundamental alternative, to which I think Dr. 
Gerard has likewise referred, of whether the central nervous system is 
merely a clearing house for input-to-output messages, or whether it 
generates activities of its own and has patterns of activities of its own, 
the elements of which are not pieced together by, and reflections of, 
the sensory input. Dr. Köhler has likewise touched on this fundamental 
difference in the interpretation of the realities of the nervous system. 
No theory of the nervous system can claim to represent the facts if it 
ignores the central autonomy of the basic patterns of motor per- 
formance. This autonomy impresses us not only in the studies of the 
development, but also in studies on reconstitution after injury of the 
nervous system, which touches on a question Dr. von Neumann has 
raised with regard to learning. This is the question of whether learning 
implies a complete reorganization of the nervous network with a 
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resetting of relations among individual neurons, or the acquisition of 
a new performance, which will merely supersede, rather than replace, 
the older performance. This question can be crucially studied by dis- 
arranging the peripheral motor apparatus by crossing tendons or 
nerves, and thus rendering the original impulse patterns inadequate 
for the performance of a given act. Experiments by my former student, 
Sperry, have shown that rats cannot relearn their motor coordination 
to meet such new situations. Studies we have made on patients with 
transplanted tendons after partial infantile paralysis show that they can 
learn to use the transplanted muscle in its new function, but precise 
electro-myographic records show that the muscle is apt to lapse back 
into its innate phase of activity, thus proving that the 
not dissolve the original patterns of motor organization. Evidence of 
this kind demonstrates clearly that the act of learning does not consist 
of merely a recombination of individual neuronal elements. On the 
basis of all e; ting evidence, the nervous system must not be conceived 
of as a network of monotonic elements, but as a hierarchical system 
in which groups of neuronal complexes of different kind 
units, the properties of which determine the 
pattern. Some of these higher units 
others are modifiable by experience, I fail to see 
ciple duly reflected in the theory of 
such as has been discussed in this sessi 
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nervous activity, specific constitutional differences of biochemical kind 
among the elements, as well as specific states of activity of larger col- 
lective units based on those chemical differences. If I may briefly 
elaborate this concept, we have been treating the nervous system as 
essentially composed of units of a single kind. Dr. Lorente de Nó has 
emphasized the existence of a great variety of what he calls “types” 
of which only three or four have thus far been studied, while thousands 
of others are still to be explored. 

But what is really meant by a cell type? Does the term merely 
signify a characteristic shape of the cell body, distribution of the 
processes, and geometric configuration of the arborizations? Or does 
the term mean to imply the existence of different cell species with dis- 
tinctive chemical properties? Is the protoplasm of all nerve cells the 
same, merely cast into different forms and arrangements? Or do these 
different types of nerve cells have distinctive chemical characteristics 
that are instrumental in the operation of the nervous machine? Evi- 
dence is increasing that we shall have to adopt the latter view. The 
variety discernible under the microscope is merely one of the relevant 
differentials among nerve cells. If we had only microscopic pictures of 
different glandular cells, we might consider them to be of one kind, but 
we know that their products and their production machineries differ 
al regards in spite of their similar appearances. 


fundamentally in chemic 
Likewise the microscopic resemblance of all nerve cells is no evidence 
of their similarity chemically. There are two problems to be faced. 
First, are there significant chemical differences among neurons? 
Second, if so, what is their role in the operation of the nervous system? 
As for the existence of chemical differences, the evidence seems clear. 
monstrated that different drugs have a selective 
affinity for different types of nerve cells. Such different response to 
chemicals can only be based on a fundamental difference in the chemi- 
cal constitution ee the responding neurons. Similarly, when we classify 
neurons as cholinergic or adrenergic, that is, as capable of producing 
different types of substances, we admit that the fundamental constitu- 
tion of their protoplasms must be different. There is evidence that dif- 
ferent types of nerve fibers, such as sensory and motor fibers, and per- 
haps even different subclasses of fibers within each category, follow 
different routes in their primary outgrowth during development. This 
again expresses constitutional chemical differences between those 
types, endowing them with selective chemical affinities by which they 
can follow different tracts. Again in establishing peripheral connections 
with effector or receptor organs, and similarly perhaps between dif- 
ferent intracentral junctions, selective discriminatory faculties come 
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into play which can only be conceived of in terms of specific chemical 
sensitivities based on the chemical organization of the respective units. 
The existence of chemical differentials between neurons has thus been 
established beyond doubt. The question then arises whether they may 
be dismissed as simply instruments in the structural development of 
the nervous system, which leave their residues in the adult body but 
are irrelevant as far as the operation of the nervous system is con- 
cerned, or whether such chemical differentials are significant factors 
in nervous activity. That is, do we have to add chemical parameters as 
determiners of nervous activity to the known parameters of the con- 
duction process, such as time sequence, frequencies, thresholds, syn- 
chronism, and other space-time characteristics based on the electric 


activity of a characteristically distributed network? I submit that we 
must answer in the affirmativ 


e, that we must recognize qualitative dif- 
ferences among ne 


urons as decisive in the making and breaking of 
functional connections, and that chemical conformance or non- 
conformance between elements may decide whether 
tion will be passable or impassable. 

This brings into view a whole new field of possibilities, which it 
seems can derive substantial support from general biological experi- 
ence. It may be appropriate to point out here this more general 
biological background. As I have outlined in the past several years, 
are explicable in terms of the 
een the configurations of the 
populations occupying the contact surfaces. That 
is, the behavior of two contiguous cells will differ fundamentally, de- 
pending on whether or not molecular key species on either side of the 
contact surface interlock by virtue of their steric relations. We may 
visualize these relations in the old key-lock picture of Ehrlich in the 
modern version given to it in Professor Pauling’s theorie 
similar fashion. Such relations are the basis of enzyme 
serological reactions, presum 
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cell, a cell with a given chemical constitution can assume a consider- 
able variety of surface states and accordingly play different parts in 
intercellular and supercellular activities. It is possible that the proper 
setting of these border conditions among contiguous elements forms a 
process quite distinct from and preparatory to the conduction process, 
and if this is true, then you realize that we have hitherto omitted a very 
significant coordinating principle from our nervous theories. To the 
parameters of space and time may have to be added those of chemical 
conformance and non-conformance. In this connection I should like 
to call your attention to the fact that in this morning's discus- 
sion Dr. McCulloch has illustrated his theory solely by examples 
taken from those sensory fields which have spatial organization, that is, 
acoustic fields. In these cases, it is relatively 


the optical, tactile, and 
atterning of the response by switch-work 


easy to make a case for the p 
systems. 

However, when we turn to non-spatial qualities of sensation, such as 
solution of these qualities into spatial dis- 
tributions certainly presents difficulties that cannot be glossed over. 
Let us consider for instance the experiments of Curt Richter in which 
rats proved capable of selecting among a variety of foods the one 
most appropriate to an artificially produced deficiency state of their 
bodies, Or take the ability of a parasite to recognize very specifically 
its prospective host by certain chemical cues of the latter. It seems to 
me impossible to account for these facts otherwise than by conceding 
to the chemical specificity of the neurons a decisive role in the opera- 
tion of the system. If in the future we will focus attention on the 
chemical differentiations among neurons as the presumable mechanism 
of establishing and breaking intracentral functional relations, we shall 
undoubtedly find more supporting evidence for this concept. Of course, 
the microscope will not help us in this task except in so far as a specific 
differential stain is frequently a safe indicator of biochemical diversity 


color, taste, or smell, the re 


among cells. 
pr. Brosin: This striking 

cussion. Perhaps we can persua 

later in the week. 
DR. GERARD: Since 


development certainly deserves more dis- 
de Professor Pauling to comment on it 


I have been insisting for years that there are 
chemical differences between neurons in the different systems, I am 
obviously, in general, in complete sympathy with the approach which 
Dr. Weiss has just urged, and I think it might be stimulating to apply 
it to the question of memory. If that should depend on the passage of 
impulses across synapses, thereby leaving them altered, might not the 
alteration, in fact, be a kind of molecular reorganization of the surfaces 
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which I mentioned and to which may be added those of preferences 
for nutrient substrates and other metabolic differences, I have used 
only as crude indicators of the existence of differentials; but the 
relevant differences which I think are instrumental in the operation 
of the nervous system are of much subtler character. We cannot even 
be sure whether these differences concern the chemical composition of 
the cell or merely the relative distribution of the chemical key com- 
pounds present in the cells, since what determines the behavior of a 
cell under given conditions is only the particular segment of the 
molecular population that happens to occupy the surface and thereby 
controls what is going into and out from the cell as well as what 
impulse relations the cell will establish with its neighbors. Such subtle 
differences of organization will hardly ever be detected by grinding 
the cell up and making chemical bulk determinations. The main pur- 
pose of my remark was to call attention to the presence of such subtle 
chemical relations as instrumentalities in biological relations in general 
and to call for more intensified study in the case of the nervous system. 
I may add another biological comment, returning to Dr. Lorente de 
No’s remark that his identification of cell types referred to characters 
of shape and spatial organization. The study of developmental me- 
chanics has shown that the shape of a cell is only an expression of 
responses of the cell to its environment in the course of its develop- 
ment. Thus if two cells in an otherwise identical environment assume 
different shapes, this can generally be considered an expression of 
underlying differences in the response mechanisms of these cells, or in 
other words, of differentials in their physiochemical make-up. This is 
further evidence of the constitutional diversity of the cellular elements 


in the nervous system. 

DR. prosin: I have asked Dr. Wiersma of the Biology Department 
here to tell us of some of his work related to the problem under dis- 
cussion. Dr. Wiersma. 

DR. WIERSMA: I'm glad to have this opportunity to bring before you 
some work I have done with the synapses of the crayfish central nerv- 
ous system and at the same time to put some questions to Dr. Lorente 
de Nó that occur to me concerning the influence of the structure of 
synapses on transmission. The central nervous system of the crayfish 
with which I have been working is a rather fortunate contribution of 
nature, in that it offers, for one thing, a postganglionic fiber which can 
be stimulated by different preganglionic elements, three of which can 
be isolated and stimulated as single fibers. These elements are the giant 
fibers, which run through the whole length of the central nervous 
system. On stimulation with a single shock, the resulting impulse in 
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There is pretty good evidence that excitation indeed takes place 
at the site of the secondly stimulated synapse and not somewhere be- 
tween the two synapses. In the case where a single impulse causes a 
root potential, there is, as mentioned, a difference between the delays, 
when different giant fibers are stimulated. Similar differences are 
present when summation is necessary, and the delays obtained in this 
way correspond best with those of the second fiber stimulated. There 
must thus be a conduction of some process which causes increased 
excitability. The nature of this process is uncertain: chemical, elec- 
trical, or a combination. From the duration of the inert periods and the 
distance between the synapses, it is possible roughly to calculate the 
speed of spread, and this comes out as about one fiftieth of the normal 
conduction speed of the action potential of the root fiber. There is still 
a fourth synapse, of which less is known, by which the root fiber may 
be stimulated. This one can be stimulated by exciting the first root on 
the same side as the third root, from which the lead is taken. Since the 
whole first root is stimulated, there may be more than one synaptic 
connection involved in this case. Nevertheless, in combination with 
giant fiber stimulation, first root stimulation gives results which fit well 
into the picture. Thus the inert period is longest when the distance is 
greatest, which is the case when lateral giant fiber and first root 
stimulation are combined. 

The synapses described previously are by no means the only inter- 
esting ones which the crayfish has to offer. There are also the synapses 
in the lateral giant fibers. These are reminiscent of similar structures in 
the giant fibers of the earthworm, as worked out among others by 
Dr. Bullock. These macrosynapses consist of a joining of two nerve 
elements of the same diameter by a membrane. I have tested this 
membrane in the lateral fibers mechanically. By pinching the fiber 
below the membrane the end will swell up quite considerably, but no 
fluid will go into the anterior fiber. Also, on pulling, the two fibers do 
not come apart. There is, for all practical purposes, a complete ana- 
tomical division between the two nervous elements. Nevertheless con- 
duction takes place in both directions with equal facility. My opinion 
is that this may be due to the wide contact area which this synapse 
forms. In the above discussed synapses, the postganglionic fiber is 
much smaller than the preganglionic and hence a large part of the 
circumference of the postganglionic fiber is involved in the synapse, 
but only a limited area of the giant fiber. The latter factor would make 
it impossible for the action potential of the root fiber to stimulate the 
giant fiber, and hence one way conduction. I would like very much to 
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ing hard at re-examining his propositions. Therefore, continuing what 
we began earlier, I will call on Dr. Liddell to tell us about the diffi- 
culties in methodology of animal behavior as it relates to the neuro- 
physiologist. 

DR. LIDDELL: Dr. McCulloch’s paper, as the discussion of yesterday 
demonstrated, was admirably provocative and, in my own case, led 
to disquieting nocturnal ruminations concerning psychology in its 
present relation to neurophysiology. May I, therefore, give a sheep’s- 
eye view of the matters under discussion; that is to say, from a strictly 
pastoral point of view. 

In the first place, most of the experimentally observed facts of 
neural function and the structural details upon which Dr. McCulloch's 
theoretical formulation is based are derived from mammals simpler 
than man. Why, then, would it not prove more rewarding to attempt 
to fit facts derived from systematic experimental observations of the 
behavior of the simpler mammals—sheep, goat, cat, dog—to the theory 
rather than select instances of human behavior to support the theory? 
This can be done and should be done. 
avlov’s method of the conditioned reflex as almost ideal 


I propose P: l 
Conditioned reflex study has for too long been mis- 


for the purpose. 
understood and for a simple reason. Pavlov’s method has yielded a 


mass of verifiable facts in search of a theory. Dr. McCulloch’s admirable 
theory is in search of facts. Is it not possible that, first, Pavlov and, 
now, McCulloch suffer from a painful phantom limb? In Pavlov’s 
case the phantom limb was an oversimplified imaginary nervous system 
which could not support the weight of facts. Perhaps McCulloch’s 
painful phantom is the colorless ghost of real behavior. Let us see 
how we may relieve MeCulloch’s suffering. 

Gasser has said that the electrophysiologist can answer the question 
“when?” but not “what?” Here is precisely the advantage of Pavlov’s 
method. The conditioned animal can be trained quite exactly to tell 
when by salivation, leg flexion, cardiac acceleration, or other physio- 
logical indicators. Moreover, we can fairly exactly explore the opera- 
tional limits of its neural computing machine through discovering 
which forms of trained 
neurosis. We can find its most vulnerable spots. 

The sheep, goat, or dog, trained to self-imposed restraint, through 
the use of a comfortable restraining harness, learns to expect electric 
shock or food, or acid in the mouth, as Pavlov found, at some signals 
but not at others. Some dogs, but not all, when thoroughly conditioned 
to a series of positive and negative signals, may develop experimental 
neurosis when the signals are suddenly reversed, where, now, all food 


anticipation lead to breakdown or experimental 
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signals mean “no food,” and “no food” signals are all followed by 
food. We have verified this neurosis-producing procedure in the pig. 
However, a slight change in Pavlov’s method of reversing signals 
will render it innocuous. If a sheep is trained for se 
expect mild shock on the foreleg following 
seconds, and no shock following the ringing of a bell for 10 seconds, 
these signals may be reversed with impunity twice within a single 
two-hour period by proceeding as follows. The buzzer sounds; the 
sheep alerts; but just before it is able to raise the foot from the platform, 
the buzzer ceases and no shock follows. The bell sounds for a few 
seconds, and shock is given. In very few repetitions of tl 
cedure, the sheep has correctly adjusted to the reve 
flexing the leg at the bell and remaining quie 

Another simple method of testing the shee 
computing machine is as follows, A telegraph sounder clicks once 
a second for 10 seconds and a shock is applied to the foreleg. After 
2 minutes, the telegraph sounder clicks again for 10 seconds, followed 
by shock. Each day, twenty signals of 10 seconds’ duration are followed 
by shocks, with 2-minute intervals between signals. Neurosis supervenes 
after about one thousand signals at twenty per day, and persists with no 
further training for as long as three years. It is characterized by 
muscular rigidity and slow heart. Where the Separation of 10-second 
signals is by constant 5-, 6-, or 7-minute intervals, neurosis ag 
venes; but in sheep and goats, it is a strikingly different ne: 
characterized by diffuse motor activity and rapid 
In both types of neurosis, the animal's behavior in the pasture and 
in the barn is radically changed, with a loss of Sregariousness, and 
with restlessness during the night. If the 10-second Signals followed 
by shock are separated by 1-minute intervals, the animal will submit to 
as many as forty signal shock combinations per day with no signs of 
perturbation. Furthermore, shocks spaced at regular intervals of 
1 to 7 minutes leave the animal quite undisturbed, although it con- 
ditions to the true interval as such, and flexes the limb just before 
the shock is given. 

Work along these lines is technically sim 
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cussed practically every aspect of behavior, since he considered re- 
flexes, audition, pattern vision, learning, memory, thoughts, ideas, 
goals, motivation, will, and consciousness. 

First, I should like to have some additional information on a few 
points. You mentioned that stimulation of the primary visual cortex 
in man elicits the impression of a blurred circle of light whereas stimu- 
lation of a spot in the secondary visual cortex leads to the impression 
of a form. There are reports in the literature indicating that the nature 

of the photopsiae varies with the type of electrical stimulation em- 
ployed. It has been reported, for instance, that the photopsiae consist 
mostly of glowing and colored “roundish forms, disks, or rings” when 
faradic current is employed, and of stars and ragged forms, such as 
“pointed sparks,” when galvanic current is used. I am wondering 
whether you care to specify the experimental conditions under which 
the results you mentioned were obtained. In analyzing the mechanisms 
of hallucinations, I was interested in the question whether unformed 
hallucinations ever occur, that is, hallucinations of mere luminosity. 
It seems that reports on hallucinations never refer to the appearance 
of visual “dust” or to an undifferentiated luminosity. I am wondering 


whether you know of any reports referring to unformed hallucina- 


tions. 

DR. JEFFRESS: Dr. McCulloch also mentioned that the form aroused 
by stimulating area 18 had a location in space. Was the location rel- 
ative to the head or to the outside world? You said that it was not 
relative to the eyes. 


DR. MCCULLOCH: It is not located in the visual field, because the 


patient can turn his eyes toward it. It does not move with the eyes, but 
stays there so that he can direct his eyes toward it. This is quite differ- 
ent from what is seen when area 17 is stimulated or in entoptic 
phenomena. 

DR. kLiver: In connection with your analysis of the reflex turning 
of the eyes, it seems pertinent to recall Graham Brown’s observations 
on the reflex orientation of the optical axes. He observed, for instance, 
that the optical axes remain fixed in space if the head of a moderately 
narcotized monkey is passively moved to one side. This reflex dis- 
appears upon removing the superior colliculi or upon increasing 
the depth of narcosis. It is found to be present in monkeys which 
are decerebrated at the cephalic boundary of the superior colliculi. 
as chiefly concerned with determining the influence 
this reflex orientation of the optical axes. 


Graham Brown w. 
of cortical activity on 
His work culminated in the suggestion that eye movements obtained 
from the occipital lobe are equivalent to those which, in normal life, 
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center the visual image of an object fixed in space by bringing it from 
the peripheral retina to the central field of vision, while movements 
obtained from the superior frontal convolution correspond to those 
which, in normal life, keep the optical axes fixed on an object that 
is moving in space. Graham Brown also suggested that movements 
obtained from the middle frontal convolution are equivalent to those 
in normal life where the eyes move at command. I am wondering 
whether you have any electrophysiological data supporting Graham 
Brown’s idea of such entirely different mechanisms in eye movements. 

As regards the general problem of relations between cortical 
mechanisms and behavior, I am glad, as I said before, that Dr. McCul- 
loch has touched upon so many diverse aspects of behavior. He might 
be accused, and he has been accused, of talking 
that are very tenuous forms of behavior or even forms of behavior 
that do not actually occur. Nevertheless, I am hopeful that his analysis 
may lead to a profitable search for “phantom limbs” and ultimately 
to full-fledged behavior realities. It is possible that certain forms and 
consistencies of behavior will be discovered that would escape de- 
tection without his kind of analysis. 

Finally, I should like to return to the subject of “ 
not clear to me whether you are content with 
cortical mechanisms that are operative while I 
or 1 want to write z ung ephysiology of logic, You 
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logic or merely to a neurophysiology that is involved while I am 
talking about logic. 

DR. LINDSLEY: I believe I understood Dr. McCulloch to say, at 
one point, that he interpreted the alpha rhythm as a possible fluctua- 
tion in the excitatory level of the cortex, particularly with reference to 
the speed of transposition, say from one chord to another in an 
auditory field or from one pattern to another in the visual field. 

DR. MCCULLOCH: That is correct. 

DR. LINDSLEY: It is a little difficult for me to see how this could be 
the case inasmuch as visual stimulation will completely block the 
alpha rhythm for a period, even after the stimulation has stopped. 

Another thing: An experiment not yet reported which was done 
by Dr. J. R. Smith and myself just before the war (it was interrupted 
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Ficune 1. Effect of a light flash upon alpha rhythm. 

and not continued since—I hope to get back to it) had to do with 
visual stimulation in relation to modifications of the alpha rhythm. 
Briefly, it was this. A small spot of light which could be controlled 
in intensity and in duration, was thrown on the periphery of the retina, 
and we investigated the effects of its intensity and duration on the 
blocking of the alpha rhythm. When we got down near to threshold 
with our stimulation and beyond the subjective threshold, we still 
got effective blocking of the alpha rhythm. We were recording with 
our electrodes over areas 18 and 19, so probably very little of area 
17 was involved in the case of electrodes on the human head. We 
were having our subject report after each flash came, and they came 
at irregular intervals for which he was not warned. When we got to 
threshold the subject’s report would cease. Nevertheless, for a certain 
region below the subjective threshold, the blocking would still occur. 
Now, what I would like to have Dr. McCulloch explain, in terms 
of the McCulloch-Pitts model, is this separation, presumably, of the 
awareness of the stimulus on the part of the subject and the physiologi- 
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cal response that we get. Figure 1 illustrates the kind of blocking that 
one gets. 
The illustration does not show what I have 


just been speaking of 
—that is, the separation of the aw. 


areness or non-awareness of the 
stimulus on the part of the subject. It simply shows the kind of re- 
sponse we get from a flash of light, in this case, one 
ject is definitely aware. The duration of the stimul 
the duration of the flash of light. In this illustrat 
light were of the same intensity but of different duration. The point 
I want to call attention to, however, is that we get this kind of blocking 
whether the subject is or is not aware of the light, in this region 
just below the subjective threshold, 

DR. MCCULLOCH: I wonder if Dr. Halstead would in this connection 
be good enough to mention his work on the driving of alpha by 
light. There are probably many people here who don’t know the story. 

DR. HALSTEAD: If I may postpone it for 30 minutes or so [’]] get a slide 
illustrating the effect. 

DR. KLtver: Is the duration of the blocking dependent upon the 
intensity characteristics of the stimulus? 

DR. LINDSLEY: It is related to it, but it is re 
the duration of the seen stimulus, In the illustration with the brief 
flash, after about two-fifths of a second, the blocking begins, and 
you can see that it persists, Many times you will get really a Summation 
or an after: effect following the cessation of the stimulus. In the second 
part where the stimulus persists for a longer period of time, you will 
again see that there is a period following the cessation of the stimulus 
during which the alpha waves remain blocked and only vtadually 
return, and there you get some of the increased amplitude 5 

DR. KLUver: Does the fact that the duration of the blocking is 
dependent upon the duration or the intensity of the stimulus ion 
that the awareness or the non-awareness of the stimulus plays 5 
in influencing the duration of the blocking? ene 

DR. LINDSLEY: I think it is related to both time 

DR. KLÜVER: Suppose you are able to relate the duration of the block- 
ing to the product of time and intensity. Does this impl i t the 
duration of the blocking is not influenced by awareness = 5 — 
ness on the part of the subject? r non-aware- 

DR. LINDSLEY: I don't believe that we have the situ 
defined to say just what the duration of blocking 
have in mind further investigation of the proble 

DR. MCCULLOCH: Jasper has a good deal of evi 


dence with anxi 
patients to show that you get disproportionately long eee 


of which the sub- 
us patch represents 
ion, both flashes of 


lated more, perhaps, to 


and intensity. 


ation well enough 


means as yet. We 
m. 
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of alpha on very dim illumination even if the patient doesn’t see it, 
and that the duration parallels the severity of the sympathetic over- 
activity of the patient generally. 

DR. WOODBURY: Just to complicate the issue a little further, I would 
like to mention our experience on the disappearance of the alpha 
rhythm, depending on whether or not you are getting pattern vision. 
With electrodes over the occipital region and a towel over the eyes, 
and the eyes open, we get alpha rhythm with the eyes blank. When 
we request the subject to focus his eyes on the towel pattern, the 


alpha rhythm disappears. 
DR. Brosin: Dr. Weiss, do you wish an opportunity to enlarge 


on this topic? 
pr. weiss: May I mention a few features manifested by nervous 
activity which any valid theory of the nervous system must duly 
take into account? 
First, the nervous syst 
ficities: a specific receptor ty 


em uses in its operation certain distinct speci- 
pe and, on the effector side, a specific 
muscle. Many of you have seen my film on myotypic function in 
supernumerary limbs. I have demonstrated the same specificity 
in the proprioceptive system and for the corneal reflex, and Sperry has 
extended the evidence to the optic field. The existence of such speci- 
ficities through which discrete peripheral organs and their correspond- 
ing central activities are related is an incontrovertible fact. The in- 
terpretation, however, is a matter of speculation. Whether we look 
for spatial order, chronological order, or chemical order as a basis 
of these specificities, we must always bear in mind that they are 
distinct, discrete, and show no intergradations. They could be called 
qualitative differences. Personally I still like to view them as resonance 
phenomena between complex molecular elements of matching con- 
figuration or tuning. 

A second condition that any theory of the nervous system must 
satisfy is that it must be able to explain perception not only in 
spatially extended fields, such as tactile, acoustic, and optical space— 
those used by Dr. McCulloch—but must equally well explain recog- 
nition of color and chemical character. I submit that this can be done 
if we concede to the elements of the nervous system the power to 
recognize chemical constitution by virtue of their own chemical char- 
acteristics. 

A third condition is that the theory must give equal regard to 
ar processes, the microscopic cellular organiza- 


the role of the molecul 
es of the nervous system, all of which seem 


tions, and the field properti 
to be demonstrably involved. How can we reconcile our view that 
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neuronal relations on the molecular level are a coordinating principle 
with the recognized fact that each act involves vast numbers of 
neurons whose collective activity behaves in the manne: 
patterned fields? Perhaps the answer lies in a dualistic concept of 
nervous activity. We may assume one activity of a conditioning ty 
that sets the stage for a given reaction by determining molecular in- 
terneuronal interdigitation, thus linking definite sections of the neuronal 
network into closed systems, within which, then, a second activity 
with field character, perhaps merely of electrical order, would operate. 
Thus by molecular relations, functional subdivisions would be carved 
out from the total pool of the nervous system, and e 
division would then operate field-fashion. 
units might then become linked in their activities through corre- 
spondences in their respective field activities, and in this fashion we 
could arrive at a physical counterpart of what we have called the 
hierarchical principle of central activities. The field character of 
the activities in neuron pools may force us to extend our current 
concept of the nervous system in another direction, We may find that 
the field properties cannot be adequately accounted for by consider- 
ing only the neuronal elements, that is, by equating the nervous 
system with the sum total of its neurons. It may become nec ary 
to consider the possible role of the matrix in which the neurons 
are embedded and learn more of its properties. The environment of the 
neurons is by no means a physiochemically or anatomically simple 
system, but is a tissue of complex structural and physiochemical organi- 
zation. The structural and biological Properties of this matrix will of 
necessity affect the processes in the neuron circuits which are embedded 
in it and perhaps in counterplay with it. This Proposition, perhaps first 
envisaged by Nissl, certainly deserves further exploration, i 
A fourth demand on any valid theory of the nervous system is that 
it must not only apply to the developed Operative nervous tostem 
but must explain why the nervous system does a, Ma Me 
essential Eb daag growth, although its P dee be aoe a . 
m i 7 3 a cal substratum 
is in ig a a One I ia e mind that as the minute 
smbryo or fetus or larva grows o adult fi rtione 
eon undergoes Enns alterations in 5 the We FONE 
neuronal relations, in the numbers of cells and their — 1 
factors are that the patterns of performance remain e 
in spite of these variations of the underlying substrata, New 1 a e 
ances may be added, and the precision and Speed of older Peon 
ances may be increased as development goes on, but the basi 17 5 e 
of coordination remain remarkably constant in spite of the Š P 
progressive 


r of continuous 


pe 


ach such sub- 
Groups of such higher 


mass, 


-i 
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distortion of the underlying anatomical substratum as a result of 
anatomical growth. This fact brings into sharp relief a question which 
d earlier, namely, just how much precision does the 
nervous system really apply in its performances? If I understand 
Dr. McCulloch correctly, he tries in his concept to replace mechanical 
and detailed precision by statistical normalization. I think this is 
a very fundamental consideration, not only in psychology, but also in 
biology in general, particularly as regards the processes of development. 
I wholeheartedly concur in this attitude and hope that it will be more 

ed. We focus too much attention on precision arrange- 


generally adopt 
ments among elements, such as a preordained length of a collateral, 


a rigidly fixed number of collaterals and end feet, a precise diameter 
of a fiber, and so forth, instead of basing the regularity of a perform- 
ance on the statistical properties of the collective of units exhibiting it. 
The regularities observed must be based on the normalization of 
the statistical distribution of properties in the collective rather than 
on the minutely precise arrangement of details. This leads us to recog- 
indeterminacy in biological microevents. 
ent in general, and now it seems to be 


we have discusse 


nize a certain degree of 
This has been true of developm 
equally true of the operation of the nervous system. 

A fifth, and the last condition I want to mention, is one already 
outlined earlier, namely, that the patterns of motor coordination are 
of the sensory input patterns. The character 
motor output is determined by the intrinsic 
ed response system and not by the set of 
from the environment or the surrounding 
body. With Dr. Kéhler I, too, take exception to calling the light per- 
ception, obtained upon pressing on the eyeball, a wrong or false 
impression in contradistinction to one released by radiant energy. 
I think it is just as much the real thing as a visual excitation. It is 
a manifestation of that constitutional ability of the central optical 
apparatus to generate an activity sensed as light, whether stimulated 
“adequately” or not. However, whatever the situation in the field of 
receptors, there is positive evidence that in the motor field, at least, 


the structural patterns of coordinated response are shaped and 


differentiated prior to, and without the aid of, a sensory input that 


could have impressed its structure upon them. 
DR. pautinc: This problem of cerebral structure and mechanism 


may well be related to my field of interest molecular structure and 
molecular mechanism—indeed, it must be, as Dr. Weiss has pointed 
out. I would like to know the order of magnitude of the dimensions 
of the structures of primary importance in cerebral mechanisms. I 


not replicas, as it were, 
and the structure of the 
properties of the organiz 
stimuli that are fed into it 
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suppose (I don’t really know anything in this field) that memories 
—as cerebral processes—involve at first electrical patterns, electrical 
structure, and that then, after the passage of a suitable period of time, 
these electrical patterns may be transmuted into material patterns— 
material structure. And so we ask: How is it possible for this change 
from electrical structure to material structure to occur, and what is 
the order of magnitude in size of these material structures? I am not 
much interested in large structures—structures a hundred angstroms 
or a thousand angstroms in linear dimensions—but, at least 
in smaller ones. We can divide things up into di 
size. First we may consider structures which are, 
in dimension—atoms and little groups of atoms, such as the carboxyl 
group, or an amino-acid residue, that determine mainly the chemical 
properties of substances. Then we have the next category from about 
10 angstroms to, say, 40 angstroms in size. These structures in the 
main determine, I think, the specific biological and physiological 
properties of substances. I think that biological specificity is determined 
almost completely by the size and shape of the outsides of molecules 
and especially by the phenomenon of complementariness in structure 
—a sort of lock and key effect. Two large molecules may show a 
specific relation to one another because of a complementariness in 
structure. Immuno-chemical experiments have shown that the 
plementariness must be good to within an 
areas involved being of the order of magnitude 
square. 

Then we have the next category of dimensions, from 40 to 500 or 
1000 angstroms, and finally we reach the category of large structures— 
microscopic structures. This category of structures is extremely im- 
portant in biology generally; but is it important in a significant wa 
in cerebral processes? I doubt that it is, I think that it is related A 
cerebral processes, but that it is not important in the sense that 
cerebral processes involve a change in structure in this size region : 

I believe that the specificity of antigens, enzymes, and genes de ents 
on structure in the 10 to 40 angstrom region, that mutation tole a 
change in structure in this region, and not primarily a change 8 a 
structures. I suggest, then, that the material patterns that are ia on 
in the second stage of learning are the result of changes of Ge 2 
in the 10 to 40 angstrom size category. Now, how coul eee 
occur as a result of the operation of 
been induced? Let us assume that there exist molecules 4 ter; ose 
a definite configuration and that make up part of the er at have 
and also other molecules, A’, that are complement: ene, 


at present, 
ferent categories of 
say, 2 to 10 angstroms 


com- 
angstrom or so, the 
of 10 to 20 angstroms 
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are loosely attached to the reticular framework of the brain structure 
near by. As Tyler has pointed out, there is evidence that mutually 
complementary molecules exist, perhaps in large numbers, in living 
organisms. Now, under the influence of an electrical pattern, there 
may be a change in environment in this region, a change in pH or in 
ionic concentration, which changes the equilibrium conditions for the 
molecules A’ relative to the reticular portions of matter to which they 
are attached. This change in environment might permit them to 
dissociate away, and then to move over and to combine, because of 
their complementariness, with the molecules A, thus producing a 
material change which could itself at a later time be reflected in an 
electrical response. : 

I suppose all intramolecular forces are electrostatic in origin, inas- 
much as they involve electrons and nuclei. Intramolecular forces have 
been classified as electronic dispersion forces, hydrogen-bond forces, 
interaction of ionic groups, etc. 

pR. KOHLER: If complementary configurations in your sense occur 
on the molecular level, and if being complementary or failing to be 
complementary are facts which may influence function on this level, 
is it not possible that analogous facts are also important on a macro- 
scopic level? 

DR. PAULING: It is very difficult to get a simple chloride ion to attach 
itself permanently to a structure, because thermal agitation is enough 
to cause it to dissociate away. You have to have larger aggregates of 
atoms in order to resist the effect of thermal agitation. Perhaps one 
of these large aggregates carries a positive charge, and its complemen- 
tary structure carries a negative charge, and then when combination 
occurs there is a change in the electrical pattern. In a system where 
electrolytes are present it is not easy to consider setting up distribu- 
tions of electrical charge of the order of magnitude of hundreds of 
angstroms, because neutralization of the charges by the electrolyte 
occurs, giving a double layer in which the significant dimensions are 
small. The idea of large-scale electrical distributions hence does not 
appeal to me very strongly. I prefer to think that some sort of an 
insulating effect is produced by these molecules, rather than that 
there is just an electrical pattern. 

DR. KÖHLER: I asked my question because, in a discussion of memory, 
macroscopic field distributions in the cortex are likely to play a major 
role. I was wondering whether your principle can be applied to such 
larger configurations. 

DR. PAULING: Perhaps it could, since the amount of charge separation 
required to produce the observed fields is very small. A pattern of 
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loci in which charges are neutralized by complementary structures 
could be built up. 

DR. WEISS: It may be well to point out in this conne 
neuron arrangements, even in the adult nervous system, are much 
more flexible and variable than we usually admit. Evidence is increas- 
ing that the nerve cell bodies react to differe 
changes of size. It would seem impossible that a marked increase or 
decrease in the size of a cell body could occur without the finer 
terminal connections on the cell body suffering major disruptions. 
There is, therefore, ample Opportunity for rearrangements. We must 


not think of the microscopic network as something absolutely set and 
rigid. 


ction that central 


nt functional loads by 


DR. PAULING: There is a possibility 
unlikely) that the whole phenomenon 


still larger dimensional order of magnitude—a thousand, five thousand, 
ten thousand angstroms. I would be especially interested to know 
what the characteristic dimensions of the structures involved are. 
DR. KÖHLER: I should like to come back to the experiment which 
Dr. Lindsley has described. The alpha rhythm, he said, can be blocked 
by a visual stimulus which is too weak to be perceived This observ 
tion seems to be at variance with Professor Adrian’s inter aie Sori of 
the blocking of alpha by visual stimulation, Adrian, it will tee enue, 
bered, found that presentation of a homogeneous bright field does not 
disturb the rhythm very much, while even a wel: contour mav havea 
strong blocking effect. Since contours attract attention 815 > 11855 
homogeneous fields do, he concluded that the rhythm is Sauter by 
attention. But it cannot have been attention which blocked the rhythm 
in Dr. Lindsley’s experiments, A stimulus which is not perceived will 
be unable to attract attention, I should therefore orë Į ed 
tion that any inhomogeneity in the visual cortex, 
pattern, is associated with a particular proce 
absent, or weaker, when the visual cortex js in a 
and that the alpha rhythm is likely to be blocked v 
process is introduced. 
DR. GERARD: I am afraid that it isn’t that simple, Dr, 
another bit of evidence that I am certain most me 
with this have experienced themselves, With 
directly at a 100-watt light, which is certainly not 
patterned, and, by deliberately paying no attention to it arene 
my alpha waves remain perfectly intact; then With no haa Si ete 
what I can describe in no other way than as directing my a excep 
the light, have them immediately disappear, Senton to 


(though it seems to me to be 
involves changes that are of a 


fer the assump- 
and in this sense a 
that this process is 
homogeneous state; 
vhen such a pattern 


Kohler. There is 
n who have 


$ worked 
a little 


Practice, I can look 
a uniform field but is 


. 


General Discussion 95 


DR. HALSTEAD: We became interested in the relation of vision and 
alpha rhythm some years ago in a search for neural concomitance of 
flicker fusion partly as a result of the work on photic driving reported 
by Adrian and Matthews in 1934. They stimulated man binocularly 
with intermittent light while recording the electroencephalogram from 
the occipital areas. The work provides samples of unilateral coupling 
between the frequency of the intermittent light and the alpha 
of the EEG. A diffuse (non-patterned) light flash of 
relatively high intensity was employed to obtain these records—in a 
conscious individual. About five years ago, my associates and I 
were able to publish similar records of the driving of brain rhythms, 
anesthesia, in the Macaque monkey. We obtained 
a range from about 18 per second to about 
344 per second. This driving effect can be reproduced with reasonable 
predictability in several species from rabbit to man. Under the con- 
ditions of photic driving the organism becomes literally coupled to 
the external environment. 

We also noted that if trains of flashes, especially in the neighborhood 
of 6 per second, were suddenly thrown onto the retinae a peculiar 
hump and spike pattern appeared in some animals at once and lasted 
from one to two seconds. This pattern is apparently indistinguishable 
from spontaneous brain rhythms obtained in certain forms of human 
epilepsy. In recent work by Walters in England, Gastaut in France, 
and others, petit mal seizures have been induced in man under con- 
trolled conditions in convulsive-prone individuals by this technique. 
The alpha rhythm is abolished for the duration of the seizure and 
hence may be thought of as being “blocked.” However, our observa- 
tions along with those of Wang, Bishop, Bartley, Toman, and others 
indicate clearly that the electrical responses of the normal mammalian 
brain from rabbit to man tend to follow or to couple with a train of 
light flashes through the range from about 2 flashes per second to 
r second. Rather than being “blocked,” the most 
under these circumstances, “paced” or 
“driven” by the photic stimuli. There is some evidence to be found in 
the literature that suggests that introduction of a contour at the 
periphery of a flickering field lateralizes the photic driving to the 
ipsilateral hemisphere. The electrical activity of the contralateral 
hemisphere is not “blocked,” however; rather it seems to be decoupled 
from the flickering field. 

DR. KOHLER: Can we be quite 


driving of the alpha rhythm by var 
know that upon sudden illumination of the 


frequency 


with and without 
a good coincidence over 


20 or more flashes pe 
prominent brain rhythm is, 


sure that what is commonly called 
ig flicker frequencies actually 


deserves this name? We 
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eye an on-effect can be registered from the visual cortex. Now, when 
the sudden illumination is repeated, on-effects may be repeated at the 
same rate. Have we any way of proving that in such experiments the 
frequency of the alpha rhythm is actually ch 
stimulation? How does one exclude the 
Waves are simply on-effects which h 


ulation we employed, it 
effect lasts somewhere in 
iseconds. It is conceivable that fre- 
per second might be reflected as trains of 


ave shown, however, components of 


the on-effects are increasingly inhibited 


above this point. 

In a favorable prepar: 
may drive electrical activity continuously a 
in wave form from 6 or 7 per second to 2 

Another line of evidence jg afforded by the enhancement of ampli- 
tude of electrical respons in during photic driving. 
This enhancement reaches a maximum around 10 per second in 
monkey and man. This is as the alpha frequency. 
Toman, studying these relations in man, found it possible to omit a 
single flash without disrupting the response, We have made similar 
observations. This would 


ose Suggest that the centrally induced rhythm 
may sustain itself briefly without re 


as flash frequency increases 


ation and using 


inforcement, 


e rhythm continue a little while after you 


DR. HALSTEAD: Yes, it does; i 
preparations. 

DR. VON NEUMANN: J don't u 
liminal signal of light may 
continues in spite of light sig 

DR. MCCULLOCH: Didn't 
in Dr. Gerard’s statement concerning i > ; 
mechanism is, it is important, the light bulb? Whatever this 

DR. HALSTEAD: I think tha Special] circumstan nder 
which the alpha does not block in the Presence of light. ces u 

pr. kLtver: In this connection I shoul Eats 


d lik 5 
has described his scintillating Scotomata, weber seller n 
turbances of the alpha rhythm during the observation, = 55 
scotomata. I am also wondering whether such disturbanes 1 = 
exist, are related to the frequency of the scintillations, S; hey 


stop the alph: 
nals. How 
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DR. MCCULLOCH: May I answer his question? I have very brilliant 
scintillating scotomata with hemicranial headache, or migraine. The 
scotomata have, inside them, an area in which I can see nothing. 
They begin always right next to the point of fixation, just a whisker 
to one side of it, and they move out until they have occupied the 
whole of that field. I already have several times had electrodes well 
placed in and about the inion and all over the back of my head and 
there is no change that we can detect. I don’t have a good alpha, but 
there is no change in what alpha I have, and there are no other waves 
that are not normally there with my eyes open or my eyes closed. 

DR. KLiveR: What is the frequency of the scintillations per second? 

DR. MCCULLOCH: The thing which I see is composed of small bright 
dashes and these things don't all come or go in a pulsing fashion, but 
they twinkle. 

pr. KLÜVER: You are apparently not a good case for getting data on 
the frequency of oscillations. Frohlich, by the use of a rather ingenious 
method, found that the frequency of oscillations in his scintillating 
scotomata was 20 per second. 

DR. LINDSLEY: To confuse the issue further, I would like to add a 
comment. When I was working with infants and young children, 
where the alpha rhythm is of a different order of frequency, namely, 
around 3 or 4 per second, I found that the time for delay of the 
alpha rhythm in blocking is proportionately longer than it is in the 
adult where the frequency is around 10 per second. 

DR. MCCULLOCH: There is one more piece of evidence. I don’t know 
whether Mr. Stroud is in the audience, but if he is, I wonder if he 
illing to say something about the rate at which forms can 


would be w 
be perceived? 

MR. JOHN M. STROUD: Stanford was kind enough to let me come, as 
a kind of renegade physicist, into the Psychology Department and do 
a little work on the problem of the frequencies of scansion functions, 
such as the alpha rhythms (which I considered as the no-load symptom 
of a scanning function). The hypothesis that I wanted to test led to 
two experiments that are relevant here. 

One was very simple. I had an ordinary cathode-ray oscilloscope and 
set the observer the task of finding out how fast the sweep was going, 
by tapping a key which put a little pip on the trace. His task was to 
learn to tap the key fast enough to make the pip stand still; that was 
his only task. It showed, incidentally, that human reactions are by 
no means as unprecise as one might infer from the classical reaction 
time experiments. Anybody could learn to tap at the rate of 10 cycles 
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per second for one hundred consecutive taps. He could always get 
his reactions to fall within a band of 20 milliseconds for a prescribed 
frequency, with errors from one tap to the next of the order of only 
2% milliseconds. 

In the second experiment the observer was set the task of matching 
the brightness of a flickering light by adjusting the brightness of a 
steady light. The field was a small circle split vertically, with the 
flickering light on the left and the steady, on the right. The level of 
illumination was low, and a very dark red light was used. The flicker 
was rectangular in wave form, and the proportion of the 
which the light was on could be controlled by the experimenter. In 


different runs it was varied from zero to 100 per cent. The experi- 
menter could also vary the repetition rate from about one-half to 
about 20 per second. 


cycle during 


The results varied from subject to subject, but in general showed 
that for frequencies above about 8 the relation be 
tion of time the flickering light was on, and brightness was linear, with 
a slope of 1.0. That is when the light is on 100 per eet it is matched by 
an equal intensity. Call this 100 per cent, Now if the Hidketine light is 
on 50 per cent of the cycle, it is matched by a steady light e-half 
as bright, etc. TAGI Tage GAUW 

If, however, we reduce the repetition rate below 8 per second 
another phenomenon appears. At 6.4 cycles for some st bi j is (and 
at lower frequencies for others) the brightness follows fe: 9010155 
curve for durations down to about 60 per cent. From 60 1 a to 
and then fell off in a linear fashion 


tween the propor- 


30 per cent it remained constant 
with duration. 


Ata still slower rate (4 per second for many subjects) the brightness 
dropped very slowly as the duration changed Ram I ** Sa ee 
about 45 per cent. (The brightness dropped only al per cenh 7 
in this range.) Then it dropped rapidly as the dur (ek 10 per ane 
reduced. In all cases the data seem to be best fet P ion was furt he 
making sharp corners with one another, N ed by straight lines 

The subjects often reported, where the ti em N 
and the durations short, that there was n da were from 4 to 3 
and that this was the basis for a phi — y and dark phase 
the center line bulge and collapse altern Most people saw 


8 ately. I Saw i e 
moving up and down, chopping off the flickering Any a ee 
that the subject’s movement hy: alf field. J founc 
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DR. Mc cuLLocu: I would just like to point out that the relations here 
are just what one would expect from Dr. Halstead’s work on the 
extent to which the alpha can be driven. 

MR. STROUD: I know that, but I hesitated, in writing it out formally,“ 
to call attention to its relationship to the known behavior of alpha 
although I was familiar with Dr. Halstead’s work. 

DR. BROSIN: If there are no further questions I will ask Dr. McCulloch 
to take care of the many that have already been posed him. 

DR. MCCULLOCH: I would like, if I may, to begin at the other end, 
so to speak, and thank Dr. Paul Weiss for liberating me. He holds 
the theory, you see, that the output is in no sense to be determined by 
the input—it is independent. This suggestion of his makes it very easy 
to handle the host of questions. I cannot, for the life of me, attempt 
to answer them question by question. I would much rather try to 
give what I would call an organized statement about half a dozen 
major items that are under discussion. 

If you will remember, I suggested that we ask the theoretical 
physicist to account for himself; that is, for organisms like himself, 
of such a nature that they could produce theoretical physics. Now, in 
asking that question, I did not ask that he be a psychologist, and I 
did not ask that he be a philosopher, and, above all, I did not ask that 
he be a theologian. The entire problem, I am quite sure, will never be 
manageable if we begin at the most difficult end. I would much rather 
ask, merely, that it be a theory of the physicist, and my object in doing 
this is to put the question concerning whether a machine of this order 
of complexity can state how it works. If it can (and I think it can), 
then we can build others that can do the same thing. My object in 
doing this is to keep the issues in a form in which they are manageable 
from the standpoint of physics and mathematics. I grew up in a 
medical school where my professor of neuropathology defined the sub- 
conscious as a place which is not a place where an idea is when it is 
not an idea, and my professor of neurology said that he knew that time 
was in the temporal lobe and space was in the postcentral convolu- 
tion, but he was not sure where consciousness was. 

Now, it is just these kinds of phrases that I would avoid. I don’t 
believe that I brought up the question of consciousness. If I had to, 
in a medical sense, I would use the word only to say that this patient 
was or was not conscious, according to whether he could or could not 
bear witness to what I could also bear witness to. I would, here and 


° John M. Stroud, The Moment Function Hypothesis, M.A. Thesis, Stanford 
University, 1948. 
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now, systematically exclude any such problem. I am, however, fully 
aware that most of what goes on in me is something of which I am 
not aware; I only see the end products. I see those only rarely and in 
funny flashes. Very often I know that I h 
without even knowing what I have decided. 
have any right to ask of whatever it is that is consciousness that it do 
the chore of alpha waves or something else of that sort. Alpha waves 
as I see them (and I am coming back to them first and foremost) 
are a sweep of scansion. That Sweep can, to some extent, be stimulus- 
triggered. It can be pulled down to about half; it can be pushed up to 
nearly double its idling rate. When we try to push it further, it snaps 
and gives us double frames or something else of that sort. I think 
that much is fairly clear. It has this peculiarity regardless of the 
sensory modality in which one works, One always comes to an ability 
to follow in the range, from, let’s say, five to fifteen—the maximum 
number of frames that one can take in any sensory modality. The 
ability to pull out universals seems to be something of the order of 
ten per second. You can push it up a little or down a little. Therefore, 
whatever be the method whe by we do pull out universals, it is 
timed by something that runs around ten per second, and which may 
be pushed a little one way or the other. This means that all our ideas, 
insofar as they are timeless, are going to have this peculiar quality 
of being moments without internal temporal structure, and that our 


timed affairs, between our ideas, will be between them and hencë oF 
larger temporal units. Now, that is the first point, > 

Next—as to why alpha rhythm shou 
ment is in use—this has two possible answers. One is that when we go 
after forms—when we begin to use a device to pull Bat Babes 2 
are keying in this mechanism with incoming impulses, and Be j 5 
we upset a sweep in that sense. But it is far Miene a 1 ws oi 
happens is that when we do use this Sweep, the detail (si e its 
voltages are in cells oriented in this same direction) will Suns its 
throw in the same direction as the apparent Sweep; ca 1 oa 
will get is that your sweep is passing up and down — ee a e 
voltage fronts and your cells have their major axis in 5 25 
so they create voltages up and down, Therefore, you Pauls c ms K it 
in using this structure you wouldn’t see your ec the 
discussion I am not particularly interested in 

I should add one more thing before I Te 
alpha, and that is George Bishop’s work on the re] 
to an impulse thrown in at various times in the 
in one of the Cold Spring Harbor Symposia, H 


ave decided something 
I do not believe that we 


Te 


Id disappear when the instru- 


Problem of the 
ation of the alpha 
alpha cycle, reported 
e showed very clearly 
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that the response that you get in the cortex to an incoming volley is 
determined in large measure by the positivity or negativity of that 
cortex—which way up the voltage in it is at the time that the impulses 
arrive. There is no question but that alpha does affect the appearance 
of “on” and “off” effects in the superficial layers of the cortex itself, 
but I am not interested in any one particular mechanism at the 
moment. I don’t care what the mechanism is. What is important to 
me is that we have some idea, even if it be one very hard to run down, 
of a process whereby we can get our “stimulus equivalence.” That is 
the crucial item as far as I am concerned, and I am well aware that in 
one sense, or modality, it may go one way, and in another in another 
way, or, in a single modality it may pull out one thing by one method 
and another thing by another method. This would seem to postulate 
a theory of a nervous net which has delays and connections in time, 
and connections in space which are of such a kind that you cannot 
know beforehand what sort of a thing your invariant will be. It may 
be a figure of impulses over a single cell, or a series of cells, in time, 
and it may be over a flock of cells at one time. I have not tried to 
give a spatial picture of the nervous system or a temporal picture, but 
a fourfold picture—three dimensions of space and one of time in 
which that invariance is to be sought. That is the first thing that I 
want to make clear. 

The second thing I want to make clear is much harder to say. I 
spoke of reverberating memory, and I spoke of reverberating memory 
to the exclusion of all other memories, not because I believe that all 
that we remember is so carried, or because I believe that we carry 
more in reverberation than in any other way, but because anything 
which can be done by any kind of memory can be done by a reverber- 
ating memory, except to go through periods of complete inactivity or 
complete explosion. As I see it, there are three problems in memory, 
not one, or three kinds of memory that we are going to have to 
distinguish always. 

First, there is reverberation, and it does work. Second, there is a 
kind of alteration of the nervous net with use, which I believe is 
probably crucial in many of the experiments on conditioned behavior. 
It is obviously so in certain kinds of pathological situations. The third 
kind of memory, I don’t believe could be accounted for by either 
of these two ways, and it is one with a bottleneck both in putting 
information in and in taking it out. | am utterly unhappy about where 
it is. I don't think that we have any better guess today than that it is 
somewhere in our heads. I see no particular reason for assigning it to 
neurons instead of to their matrix—the glia. I don’t see how we can 
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tell where we have to look as yet, be 


cause in many of the experiments 
in which there are lesions made 


in brains, we have had large amounts 
of territory removed, However, usually we fail to destroy most fixed 
memories; therefore, we cannot today locate the filing cabinets. I 
think that sooner or later answers to the question of those filing 
cabinets, or whatever it is on which is printed “photographic records” 
and what not, will have to be found. The theory that I set up was 
intended to handle only this question—it was set up to show that 
organisms or computing machines which digitalized, or quantized, at 
the level of neurons—at the level of rel 

doing certain kinds of things, and rather a large number of things 
like remembering and computing any computable number. 

The question as to whether I am trying to envisage the human 
nervous system, or that of a particular animal, or whether I'm inter- 
ested only in computing machines in general is, I think, most fairly 
answered in this manner, Logical machines, machines for handling 
logical problems, can be constructed out of almost any material; 
however, some materials work better than other materials, I do not 
know out of what materials the human nervous system is constructed, 
but the principles of design that have to be followed, insofar as they 
are not matters of the material but matters of the circuit action, will 
be identical to the extent that the tasks they are competent to perform 
prescribe their structure. They need be no more and the theory that I 
19 5 on es to 1 Particular hypotheses, concerning, let's say, 
alpha rhythm or visua cortex) is a perfa-. p he 
aa hon that I made 8 — — ee E 
that will help me to put electrodes in one — are oy ne 2 
on in that place and to know what I am facia eh abel aon 
hit a snag there very soon. T always have hit 155 on and I expect 
have I chosen to quantize in nervous impie A cages . ye 
human brain is of a general order of complexity of we lets 5 id 
if we think of it in terms of its ultimate par i Gun ent nie 7 7 
at the level of the atoms, or one might split this Pp 1 
molecules, or one might split this at the level of the n i evel o 
on. The question is: At what level can one split the beh 
define a set of units in terms of wh 


ays—were systems capable of 


urons, and so 
havior so as to 


ich to Work? A 
i F E And, obviously the 
nervous impulse at the level of the neurons is a dle ont m 5 
working. It divides the complexity nearly in half Thai pity 


to quantize my affairs in the at is why I like 


iron and in its 
properties. 
I look on the question of a field Somewhat in this mann I 1 
e Fs a ea i manner. In ar 
device (whether we make it a digital device or wre | 


an analogy device), 
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the ultimate units of our universe are quantized affairs. We use it as 
an analogy device when we disregard the unitary composition, or 
definite structure of our elements, and treat them as wholes, which 
means that we are dealing with their parts, if you will, at best, 
statistically. We have, with respect to them, thrown away the informa- 
tion that goes into their construction, and have retained only the 
overall picture of their behavior. Now, I do not like to treat something 
like the cerebral cortex in this “field” manner. First and foremost, I 
will admit unquestionably that it has some statistical properties. But 
what I am looking for is something that will perform a logical task. 
I like to look for it in a thing that has a grain, and I like to take that 
grain as my unit, because then I can see what degrees of freedom the 
system has and to what extent they are bound in any given job of 
handling information. I believe that there are many things in the 
nervous system that smear the results. I worked for years on facilitation 
and extinction. I know that if I stimulate a small area, that there does 
arise between that active area and any other area, a difference in 
voltage which persists for a matter of minutes, and so on, with the 
busy area electrically negative to the depths and to remote regions. 
I know that if I stimulate this area and it becomes active, there is an 
increased blood supply; there is a shift to the acid side, and so on; 
and I know that these will affect, not merely the cells that are active, 
but (like the direct current that then or there appears) cells that lie 
in the region, whether or not they have themselves participated, and 
that this will alter the threshold of those cells. 

These happen to be problems that I have worked with and I am 
working with now, along with the noble metal potentials or oxidation 
reduction potentials. I am also working on the thermal changes. All 
these things will smear results. They rob the system of some of its 
degrees of freedom without conveying information. They are the 
kinds of things that would arise if we had to build our electronic 
devices and keep them in tubs of salt water. I regard them, by and 
large, for my purposes, as secondary affairs to be worried about, as 
I worry about the isolation of the paths to ground, so that all of the 
grounded side of an instrument is free of troublesome voltages or 
currents. Now, the reason for making this distinction as sharp as 
possible in the face of plenty of evidence that the smearing occurs, 
is that we are dealing with something that has a field-like property. My 
reason for treating it in the manner in which I have treated it is this. 
It compels one so to state his theory that he can account for these 
changes by the digital mechanisms; that is, so that he can contrive a 
digital device to account for each of these. This at once increases his 
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ability to handle his digital machine. It was cle 
paper, I believe, that these field-like proce 
tinction—could be handled by sticking in 
once a system is, in this sense, 
be quantized everywhere. This 

The next question that I w. 
very tough to state. The cortex, to my mind, 
machine. I see no reason why a dee 


any particular part of it a particular task today, and tomorrow assign 
that particular task to some other part of it—except insofar as 
particular portions of the cortex are stimulus-bound by a path right 
to them from the periphery. Those paths to it are well known now, 
and they include a large fraction of the total surface of the total 
switch board of the cortex. To the extent to which the afferent con- 
nections define a portion of the cortex as visual, it must handle some- 
thing to do with vision. It must handle something to do with touch 
if it is the part to which touch reports. So, to the extent to which a 
cortex is so bound back to our Sense organs, it cannot be swapped 
part for part. No lower mechanism can assign to the visual cortex 
the job of receiving impulses directly from the ears: they only go to 
the auditory mechanism, But, apart from that, I Se no 
the lower mechanisms may not per 


cortex today and another part of th 
function. I do doubt that it does th 
but I see no reason why, with dam 


wouldn't expect it to do just that. As a matter of fact, I think that you 


would expect it to do that, just as you would expect that when a 
man’s leg is chopped off, or both le d off the ai en 
to get along on his arms. It is machine—it is sitting 
there—I see no reason why it can’t ow and tl a k pie 

I would like to come back and that par . 


arly shown in our first 
sses—facilitation and ex- 
hypothetical nets, because 
quantized anywhere, it might as well 
keeps the theory clean. 

ant to try to meet is one which is also 
is a vast computing 
Per structure may not assign to 


reason why 
fectly well use one part of the 
© cortex tomorrow for the same 
is under ordinary circumstances, 
age to one part of the cortex, you 


f nt, to the question of 
ases of hysterical blindness, A hysterically 
m, and he may have the alpha 


open, and he may have i 
f i ay have on 
present him with this, that, or the other thing to look 45 He deen 


see, of course, but he reacts to it correctly in other ways: howe as 
far as he is concerned, he doesn’t see it, and he may ie 3 
alpha all of this time. Vet in the case of the next torte iy imd 
individual you check, it may be that the minute he op oh : es 
his alpha isi gone- Now, T don't Shik thatthe, hysterical blindness is 
something that you can pin on any one ` 


Part of the syst Jont 
i zhe: throw out the works stem. I don 
think that when you thr work i stall cob see.” 


Sand say, « 
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that you have to do it in the visual cortex. You may, or you may do it 
somewhere else, so you may block out alpha or you may fail to block 
out alpha. And I don’t think that when we deal with functions of 
any great order of complexity, we stand too much of a chance of 
finding the particular part of the cortex where that is being done, for 
it can be done now here, now there, except for the sensory projections 
upon it. 

Now, let me contrast this with the answer to the second question 
that was asked of me, as to why was I so very much worried about 
the descending systems and so little concerned with the ascending 
systems. I am worried about the descending systems for this reason. 
There is no direct path from the cerebral cortex to a motor horn cell 
known to me. The motor horn cell whose process goes out to the muscle, 
if it signals to the muscle, has one and only one consequence in the 
but, sitting around the motor horn cells themselves, are sacs 
of internuncials playing around and onto the motor horn cells. To 
the sacs of the internuncials come stuff, information or impulses, over 
the dorsal roots, stuff from other parts of the spinal cord, stuff from 
the brain stem, and so on. The cortex, to a certain extent, tries to take 
over these other structures by sending signals to them along the way, 
but its final chore of doing anything in the periphery is achieved 
only by playing upon the cells which are already going according to 
ways of their own which are adjusted to the world over hosts of 
channels. Therefore, what comes out when the cortex starts doing 
something is by no means simply determined by what goes down 
from the cortex. That turns out to be actually a small contributory 
factor to the totality of what is playing upon the motor horn cell. Now, 
these lower affairs have often very persistent behavior which lasts for 
a matter of minutes, so that what the cortex does when it starts off 
something at one time, and then goes to do something else afterwards, 
is to have to play on systems with enormous (I want to call it inertia) 
tendencies to overshoot—tendencies to persist in activity. That is 
why I am worried about the descending system. The ascending system, 
for the most part, does not have this type of complexity. It has a fairly 


muscle, 


simple relay system on the way up. 

Now, again, I want to make this point very clear. Tm greatly 
worried about the fact that at the present time we keep trying to 
assign things to the cerebral cortex that are being done not in it but 
elsewhere. The reason that we want to assign it to cortex is that if 
we smash cortex, we don’t get it. I feel as though we tried to put 


the whole organism into the cortex. 
The reason I want a clear theory is this. I see people who are 
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insane or who are neurotic. I do not believe th 
best psychoanalysts in the world, and they were a thousand times as 
numerous as they are, or are likely to become, that there would be 
enough of them to go around to re 
only auditory afferents to make the 
I believe that more and more, 


at even if you took the 


adjust the neurotics alone, using 
adjustments. As a matter of fact, 
we will come to the use of interruptions 
of the circuit action of the nervous system by drugs, or by electrical 
stimulation, or by surgery; and the question is, if we want to interrupt 
something, where is that something happening? How can we interrupt 
it, and if we do interrupt it, how can we reinstate circuit action that 
is adaptive? That is why I want this theory, because I hope that it 
will guide me in placing electrodes so as to find out what is going on 
where. 
Have I left out any crucial questions? 
DR. BROSIN: I think that Dr. Ge 


rard is in a position to see, in a 
judicious way, the trend of the discussion to date, and since the last 


three speakers have moved the locus of interest a good deal, I wonder 
if Dr. Gerard would give us a brief summary of what he thinks the 
vectors have been. . 

DR. GERARD: I would like to say, first, th 
a meeting of this sort which has 
and with such concentrated bril 
permitted to participate. 

The main problem we are attacking is th 
with the mechanisms for that behavior, 
approaches by the speakers. The 
machines, of their basic properties and the logic concerning them, and 
an heroic attempt made by Dr. von Neumann to see to t extent 
their general properties apply to those of the nervous syter awd to 
what extent, therefore, they might effectively guide aux dinking ont 
the mechanics of the behavior of this most complicated machine. 
There has been discussion of the nervous system BE Te os erties 
of neurons, of their spatial relations, their electrical attributes pi Sp oats 
interactions in groups. And there has been a rational eens: 8 
various logics to the behavior of the nervous System nieh ion i ted 
in a way, to synthesize both of the others, Į couldn't 151 a 1 5 
as Warren McCulloch was making his further statement est hin 1 1 
how history repeats itself. Some century ago, George Boole . 
interested in his algebra of logie with the hope that, sin e becar 
mind made logic, a study of the laws of logic 
the functions of the human mind and ultimat 
perhaps a little more naïve in his time 


at I cannot recall attending 
gone so happily and so constructively 
liance. It has been a privilege to be 


at of correlating behavior 
There have been three major 
re has been an examination of 


ssarily reveal 
brain. He was 
today. He was 
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certainly not aware of, or at least did not give adequate attention to, 
the non-rational elements of behavior. 

Dr. McCulloch just stated that he is interested in devising a theory 
that would account for the brain as a calculating machine. Several 
of the questions raised in the discussion have asked about these other 
aspects. What about the non-rational side? What about the urge for 
the machine to calculate? What about the drive, so striking in some 
of the men in this symposium, which, perhaps even more than the 
elegance of the calculating machine, determines whether or not 
something worth while comes out of the system in the course of its 
lifetime? If one wishes to allocate those other aspects to a different box 
than the cortex, that is perhaps permissible, but it does not resolve the 
problems that seem to remain. 

With calculating, there come inevitably the problems of learning 
and memory. There has been much discussion of them, and I hesitate 
to introduce, at this time, any new factual material; but it might be 
interesting again to make a glissando over the various types of 
memory that have been suggested. I am always suspicious when I 
find myself putting things into sharp compartments and saying, 
“This is this, and that is that.” I don't think nature loves a wall. Some 
experiments have been reported, by Reynolds particularly, on a type 
of memory in the nervous system which seems intermediate between 
the reverberating type and the permanent type. At least, if it be rever- 
berating, it is certainly over far longer times that we ordinarily 
associate with reverberation. He came to it from problems of pain and 
relates it to causalgia. 

Symmetrical teeth with symmetrical defects in a person's jaw 
were given dental treatment. On one side the filling was done with 
great care against trauma and pain, on the other side, with a minimum 
of this desirable care. In nearly all those patients, severe referred pain 
developed on the traumatized side. This could be elicited routinely 
by pricking the opening to the antrum of the maxilla. The sensitivity 
asted for months, but was immediately and irreversi- 
riod of conduction block of the nerve from 


and referred pain | 
bly abolished by a brief pe 
that tooth. Some kind of central overactivity, of inflammation if you 
will, was able to persist for long periods of time apparently under 
minimal peripheral reinforcement. 

As to the mechanisms for establishing these important behavior 
attributes, it seems to me that we have wandered in our discussion 
over a number of hierarchies the molecular, the neuronal, the 
and the question has arisen whether we need something 


observer—to know what is happening in all 


cerebral 
beyond—the man or the 
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of those. This last question can safely 
of the symposium. 

We all agree, I believe, that 
determining neuronal behavior. We 
critical in determining the 
The discussion has focuse 
explored it from the 


digital machine, fun ly in terms of quanta, of the 
nerve impulses which are or are not discharged by particular neurons 
under particular conditions, Others have emphasized other kinds of 
relationships, of the analogical type. The real question being asked, 
I believe, is whether, in addition to a rigid hierarchy of interaction 
from molecular to neuronal to total performance, there can also be a 
direct influence from the molecular level to the molar level. 


be left to the remaining periods 


molecular events are critical in 
all agree that neuronal events are 
total behavior of the nervous system itself. 
d mainly on this step. Dr. McCulloch has 
particular viewpoint of the nervous system as 4 
ctioning exclusive 


2. 


Molecular — Neuronal Cortical - Man 


(CNS.) 
This question is also involve 
interact with each other to forn 
mechanisms in addition to the 

At the one extreme, 


d in the one of whether neurons can 
some sort of total functioning unit by 
simple quantal discharge of elements. 
the position could be taken that all that 
happens in the nervous system depends on digital machines and 
unitary discharges. At the other extreme, the Position could be taken 
that these are rather trivial in the functioning of the nervous system, 
having to do with the more routine activitie 
and the like; but that all the more complicat 
analogical behavior, involving chemicals, e 

changes, which might act in 


i many othe: 
mechanism. Some might say that these are the 
the more complicated types of behavior, I sin 


that anyone in the room would ta me positions. 
Rather, WE ake all prep Snize that both 8 enter 
into the picture. The point of disagreement would certainly be about 
arious mechanisms and their relative 
of total behavior. That is as far as I 


cerely doubt, however, 
T of those extre 


significance in particular aspects 
should go at this time. 

I was a bit shocked by Dr. McCulloch’s 8 
that all the other phenomena are merely degrad 
ing of a beautiful digital mechanism. J reall 
believes that, and perhaps I misunderstood, for 
that he uses as his scanning device is 


nent, a moment ago, 
ations in the function- 
Y don’t think that he 


r the very alpha rhythm 
non-digital, In any event, the 
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speakers who are to follow will surely emphasize these other aspects, 
the mass action effects and the potential fields, and we have already 
had a considerable attention to the chemical aspects, which likewise 
transcend the simple matter of discharge of impulses along neurons. 
We can confidently look forward to equally stimulating and provoca- 
tive periods in the remainder of the symposium. 

DR. VON NEUMANN: I would like to bring up something that I consider 
remarkable and something which I think did not come out very 
explicitly except in one remark of Dr. McCulloch’s, and I would 
like to emphasize it. I think that in regard to the great flexibility, 
there are few symptoms—if one thinks of the functioning of the 
nervous system and compares it with the functioning of very compli- 
cated automata—which are very conspicuous in the case of the 
nervous system and very conspicuously absent in any automaton that 
we know of, which may be easily related with each other and related 
with the circumstances which one ought to expect to emerge at this 
level of complication. It is very obvious that the brain differs from all 
artificial automata that we know; for instance, in the ability to recon- 
struct itself (as in the case of mechanical damage). It is always 
characterized by a very great flexibility in the sense that animals 
which look reasonably alike and do the same thing, may do it by 
rather different cerebral mechanisms. Furthermore, though all humans 
belong to the same category and do the same things, outwardly, in 
some cases they are using different cerebral mechanisms for the same 
things, so there seems to be a flexibility of pathways. 

There are some indications (I do not wish to go into them in 
detail now) that some parts of the organism can act antagonistically 
to each other, and in evolution it sometimes has more the character 
of a hostile invasion of one region by another than of evolution proper. 
I believe that these things have something to do with each other 
and also with the following. The largest automaton which we know 
how to plan could consist of something of the order of 10+ units, and 
this is already very complicated. By this, I mean the fact that they 
are still nominally made from blueprints, and, in all cases where an 
automaton is built, there exists a blueprint for it, and there is some- 
body around to guarantee that it was built from the blueprint. These 
things are, however, very marginal. It is probably not true for most 
automata of this degree of complexity that they are really identical 
copies of what is on the blueprints. And it is probably no longer 
even true that there is anybody around who had anything except a 
somewhat intuitive relation to it. This is increasingly true for com- 
plicated machines. No amount of time and skill and reliability in 
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components will change this in an automaton more complicated than 
this, and they will probably become more and more complicated. 
There are a hundred thousand to a million parts involved in some 


of them, and this is still low, compared to the brain. Building 
will probably be a completely nominal operation, not completely 
controlled by what one finds in blueprints. It will have a different 
relation to the object, and by that relation, I mean this. It has 
already happened (and it is, of course, just by the introduction of 
automata into mathematics that it begins to happen) that you are 
no longer thinking about the subject, but thinking about an autom- 
aton which would handle the subject. It has 

in the introduction of mass production into indu 
no longer producing the product, but you are 
which will produce the product. The cut is, at present, never quite 
sharp, and we still maintain some kind of relation with the ultimate 
thing that we want. Probably the relationship is getting looser. It is 
not unlikely that if you had to build an automaton now you would 
plan the automaton, not directly, but on some general principles which 
concern it, plus a machine 


> which can put these into effect, and will 
construct the ultimate automaton and do it in such a way that you 


yourself don’t know any more what the automaton will be. You will 
do it in such a way that all you will know is what you want to do by it, 
and by what qualitative methods it can be done, and how to make an 
automaton which can put this into effect, But és to how the primary 
thing does it, you need not know. You don’t need to know what the 
result of every particular multiplication Was which occurred in the 
process of solving the equation. If you come to such a principle of 
construction, all that you need plan and understand a d etail 5 the 
primary automaton, and what you must furnish to it is a r is ta — 5 
defined matrix of units; for instance, 1010 neurons whict = a ome 
in the cortex. But the thing becomes functi 80 ch swim ar 

ganized by the primary thing, and it is on] 
you need plan. Then you begin to hay 


already happened 
istry that you are 
producing something 


y the primary thing that 
ait; you do not simply 
a x 8 
them. If you do not separate them but they his oe T 
other, and if the functioning of the secondary tine oe 
that its contact is a primary one, then, I think hak 4p . 
that the thing can be watched by tie bin dute $ ac 5 a 
continuously reorganized when the need arises. 1 ang 1, * 1 
primary automaton functions in Parallel, if jt has Sins . 3 
may have to act simultaneously and inde. S parts v 
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secondary matrix is introducing things which are probably not rigor- 
ously defined in all details, the same primary automaton in two cases 
may not produce exactly the same structure. And, if the planning 
is well done, there will probably be a very high probability that the 
secondary thing will function the same way in all cases; but there 
will not be certainty, and, if you concentrate on marginal effects, 
you may observe the ensuing ambiguities. I just wanted you to realize 
that though these notions are vague, they indicate phenomena of this 
character. Especially when you go to much higher levels of complexi 
it is not unreasonable to expect symptoms of this kind. 


The Problem of Serial Order 
in Behavior 


K. S. LASHLEY 
Harvard University and the Yerkes Laboratories 
of Primate Biology 


The previous speakers have approached our common problem by 
considering the properties of the elementary units of which we believe 
the cerebral structure to be built up. They have considered the kinds 
of neural integration or behavior which can be anticipated from those 
properties. The remaining members of the symposium have in their 
research been concerned chiefly with the analysis of complex behavior, 
seeking to derive general principles of neural integration from the in- 
finitely complex products of that integration, Our common meeting 
ground is the faith to which we all subscribe, J believe, that the 
phenomena of behavior and of mind are ultimately describable in the 
concepts of the mathematical and physical sciences. In my discussion 
here, I have deliberately turned to the opposite extreme from the neu- 
ron and have chosen as a topic, one aspect of the most complex type 
of behavior that I know; the logical and orderly arrangement of 
thought and action. Our discussion so far has dealt chiefly with the 
conditions of input and of immediate swi he Nervous media 
nism, without explicit consideration of wł dy going on within 
the system. 

My principal thesis today will be that the input is never into a 
quiescent or static Systemi, but always into a system which is already 
actively excited and organized. In the intact Organism, behavior is the 
result of interaction of this background of excitation with input from 
any designated stimulus. Only when we can state the general charac- 
teristics of this background of excitation, can we understand the effects 

f a given input. 

° The unpronounceable Cree Indian word “kekawewechetushekamik- 
owanowow” is analyzed by Chamberlain (7) into the verbal root, 
tusheka, “to remain,” and the i Particles which modify it as fol- 
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lows: ke (Id) wow, the first and last syllables, indicating second person 
plural; ka, a prefix of the future tense; we, a sort of imperative mode 
expressing a wish; weche, indicating conjunction of subject and ob- 
ject; mik, a suffix bringing the verb into agreement with a third person 
subject and second person object; and owan, a suffix indicating that the 
subject is inanimate and the object animate. A literal translation: “You 
will I wish together remain he-you it-man you” or, freely, “may it remain 
with you.” This difference in structure between Cree and English 
illustrates an outstanding characteristic of verbal behavior; the occur- 
rence of predetermined, orderly sequences of action which are 
unique for each language. In English the adjective precedes, in 
French it follows the noun which it modifies. In English the move- 
ment or action of the subject is expressed as early as possible after 
the subject; in German the expression of action may be postponed until 
all qualifying thoughts have been expressed. In a sentence discussing 
this subject, Pick (20) introduces fifty-five words between the subject 
and the principal verb. Each Chinese word, and to a lesser extent, 
each English word, stands as an unchanging unit. In the highly inflec- 
tive languages, such as Sioux, the form of almost every word in the 
sentence may be altered, according to some attribute of the subject, 
as when two objects rather than one or several are discussed. 

The study of comparative grammar is not the most direct approach 
to the physiology of the cerebral cortex, yet Fournié (10) has written, 
“Speech is the only window through which the physiologist can view 
the cerebral life.” Certainly language presents in a most striking form 
the integrative functions that are characteristic of the cerebral cortex 
and that reach their highest development in human thought processes. 
Temporal integration is not found exclusively in language; the coor- 
dination of leg movements in insects, the song of birds, the control of 
trotting and pacing in a gaited horse, the rat running the maze, the 
architect designing a house, and the carpenter sawing a board present 
a problem of sequences of action which cannot be explained in terms 


of successions of external stimuli. 
ASSOCIATIVE CHAIN THEORIES 


In spite of the ubiquity of the problem, there have been almost no 
attempts to develop physiological theories to meet it. In fact, except 
among a relatively small group of students of aphasia, who have had to 
face questions of agrammatism, the problem has been largely ignored. 
It is not even mentioned in recent textbooks on neurophysiology or 
physiological psychology, nor is there any significant body of experi- 
mental studies bearing upon the problem. The spinal animal scarcely 
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reverberatory circuits which could maintain central activity was 
scarcely suspected. 

The introspective psychology which objected to such peripheral 
theories did not explicitly formulate an alternative neurological theory, 
but there is implicit in it a view that verbal thought is a simple chain 
of central processes in which each element serves to arouse the next 
by direct association. Titchener, for example, maintained that the 
meaning of a word (or of an auditory image in his system) consists 
of the chain of associations which it arouses; that it has no meaning 
until such a sequence has occurred. From this it must be inferred that 
he was thinking in terms of a simple associative chain, since no other 
relating process is suggested. 


OBJECTIONS TO THE ASSOCIATIVE CHAIN THEORY 


A consideration of the structure of the sentence and of other motor 
I believe, that such interpretations of temporal 
organization are untenable and that there are, behind the overtly ex- 
pressed sequences, a multiplicity of integrative processes which can 
only be inferred from the final results of their activity. There is an 
extensive controversial literature dealing with this inferred integrative 
activity. Pick (20) devotes almost his entire book, Die agrammatischen 
Sprachstörungen, to reviewing discussions of the subject. Most of this 
literature deals with the question of whether or not the integrative 
processes are conscious. Much of this is irrelevant to the present topic, 
but the advocates of so-called imageless thought did present a great 
deal of material indicative of the complexity of the problem of thought 
structure. From this, and other evidence which I shall present, I believe 
that the production of speech involves the interaction of at least three, 
possibly four, major neurological systems which are interrelated but 
somewhat independently variable. 

Let us start the analysis of the process with the enunciation of the 
word. Pronunciation of the word “right” consists first of retraction and 
elevation of the tongue, expiration of air and activation of the vocal 
cords; second, depression of the tongue and jaw; third, elevation of 
the tongue to touch the dental ridge, stopping of vocalization, and 
forceful expiration of air with depression of the tongue and jaw. These 
movements have no intrinsic order of association. Pronunciation of the 
word “tire” involves the same motor elements in reverse order. Such 
movements occur in all permutations. The order must therefore be 
imposed upon the motor elements by some organization other than 
direct associative connections between them. So, for the individual 
movements in writing or typing the word, finger strokes occur in all 


sequences will show, 
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sorts of combinations. No single letter 
whether gh, ga, or gu is written de 
of action, the word. 


Words stand in relation to the sentence as letters do to the word; the 
words themselves have no intrinsic temporal “valence.” The word 
“tight,” for example, is noun, adjective, adverb, and verb, and has 
four spellings and at least ten meanings. In such a sentence as “The 
mill-wright on my right thinks jt right that some conventional rite 
should symbolize the right of every man to write as he pleases,” word 
arrangement is obviously not due to any direct associations of the 


word “right” itself with other words, but to meanings which are deter- 
mined by some broader rel 
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From such considerations, jt is certain th 
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words of the sentence overlooks the 
individual items of the temporal series do 
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The order is imposed by some other agent. 

This is true not only of language, but of all skilled movements or 
successions of movement. In the gaits of a horse, trottin pacing, and 
single footing involve essentially the Same pattern of oe 
traction in the individual legs. The gait is ; by some Riechartem 
in addition to the direct relations of re hervation a — the 
sensory-motor centers of the legs. The among 


; order in which the fingers of the 
musician fall on the keys or fingerboard js determined by the signature 


of the composition; this gives a set which is not inherent in the wscocia- 
tion of the individual movements. 
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THE DETERMINING TENDENCY 


What then determines the order? The answer which seems most in 
accord with common sense is that the intention to act or the idea to 
be expressed determines the sequence. There are, however, serious 
difficulties for this solution. There is not much agreement among psy- 
chologists concerning the nature of the idea. The structuralist school, 
under the leadership of Titchener, held that the idea consists of mental 
images, often the auditory images of words, and the meanings are 
nothing but sequences of such images. Describing the role of images 
in his lecturing, Titchener wrote (24), “When there is any difficulty 
in exposition, a point to be argued pro and con or a conclusion to be 
brought out from the convergence of several lines of proof, J hear my 
own voice speaking just ahead of me.” What solution of the lecture 
problem for the lazy man! He need not think but only listen to his 
own inner voice; to the chain of associated auditory images. A be- 
haviorist colleague once remarked to me that he had reached a stage 
where he could arise before an audience, turn his mouth loose, and 
go to sleep. He believed in the peripheral chain theory of language. 
(This clearly demonstrates the superiority of behavioristic over intro- 
behaviorist does not even have to listen to his 


spective psychology. The 


own inner voice.) 
Seriously, such positions offer no solution for the problem of tem- 


poral integration. Titchener finds his grammar ready made and does 
not even raise the question of the origin of the succession of images. 
The chain-reflex theory, while definite, is untenable. 

The third view of the nature of the idea was developed by a group 
known as the “Wiirzburg School” (see Boring, 4); exponents of image- 
less thought. It held that some organization precedes any expression 
that can be discovered by introspective or objective means. Thought is 
neither muscular contraction nor image, but can only be inferred as 
a “determining tendency.” At most, it is discovered as a vague feeling 
of pregnancy, of being about to have an idea, a Bewustseinslage. It is 
not identical with the words which are spoken, for quite frequently no 
word can be recalled which satisfactorily expresses the thought, and 
we search a dictionary of synonyms until a word or phrase is found 
which does seem appropriate. 


In his discussion of the relation of thought to speech, Pick (20) 


accepts this point of view, but he asserts further that the set or the 
idea does not have a temporal order; that all of its elements are 
cotemporal. Evidence in support of this conclusion comes, for ex- 
ample, from translation of one language into another which has a 
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The ease with which a new structure may be imposed on words is 
illustrated by the quickness with which children learn hog Latin. The 
form which I learned involved transposing the initial sound of each 
word to the end of the word and adding a long a. Thus—at-thay an- 
may oes-gay own-day e-thay eet-stray. Some children become very 
facile at such inversions of words, and re-structure new words without 
hesitation. From such considerations it seems to follow that syntax is 
not inherent in the words employed or in the idea to be expressed. It is 
a generalized pattern imposed upon the specific acts as they occur. 


“PRIMING” OF EXPRESSIVE UNITS 


There are indications that, prior to the internal or overt enunciation 
of the sentence, an a ate of word units is partially activated or 
readied. Evidence for this comes also from “contaminations” of speech 
and writing. The most frequent typing errors are those of anticipation; 
the inclusion in the word being typed of some part of a word or word 
structure which should properly occur later in the sentence. It may be 
only a letter. Thus I wrote, wrapid writing, carrying the w from the 
second word to the first. Not infrequently words are introduced which 
should occur much later in the sentence, often five or six words in 


advance. , 
In oral speech, Spoonerisms illustrate the same kind of contamina- 


tion. The Spoonerism is most frequently an inversion of subject and 
object: “Let us always remember that waste makes haste.” But it may 
be only a transposition of parts of the words: “Our queer old dean” 
for “our dear old queen.” The frequency with which such contamina- 
tions occur is increased by haste, by distraction, by emotional ten- 
sion, or by uncertainty and conflict as to the best form of expression. 
In some types of aphasia the tendency to disordered arrangement of 
words is greatly increased, and, in extreme cases, the attempt to speak 
results in a word hash with complete loss of grammatical organization. 
Professor Spooner, after whom such slips are named, was probably 
suffering from a mild form of aphasia. In these contaminations, it is as 
if the aggregate of words were in a state of partial excitation, held in 
check by the requirements of grammatical structure, but ready to 
activate the final common path, if the effectiveness of this check is in 


any way interfered with. 

In his Psychopathology of Everyday Life, Freud has given numer- 
ous examples of similar contaminations of action outside the sphere of 
language. We do not need to accept his theories of censorship and 
suppression to account for such slips. They are of the same order as 
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misplacements in typing and represent contaminations of co-existing, 
determining tendencies to action. 

Such contaminations might be ascribed to differe 
strength of associative bonds betwee 
thus not evidence for pre-excit 
pre-excitation. However, the 
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understanding of speech involves essen- 
e production of speech and definitely de- 
an after-effect or after-discharge of the sei 
sory components for a significant time following stimulation. Thus, in 
the spoken sentence, “Rapid righting with his uninjured hand saved 
from loss the contents of the capsized canoe,” the associations which 
give meaning to righting are not activated for at least 3 to 5 seconds 
after hearing the word.“ | shall refer later to other evidence for such 
long after-discharge of Sensory excitations. The fact of continued acti- 
vation or after-discharge of receptive elements and their integration 
during this activation justifies the assumption of a similar process 
during motor organization. The Processes of comprehension and 


production of speech have too much in common to depend on wholly 
different mechanisms, 
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tongue. Within the limits of its sensitivity, it showed that in silent 
thinking the tongue usually drops to the back of the mouth and shows 
no detectable movement. Verbal problems, such as the correct squaring 
of three-place numbers, could be carried out with no trace of overt 
movement. If, however, I urged the subject to hurry or if I slapped his 
face, his tongue came forward and showed movements corresponding 
to the syllabification of internal speech or of the computation he was 
performing. This I interpret as indicating that internal speech may be 
carried out wholly by processes within the nervous system, with some 
unessential discharge upon the final common path for vocal move- 
ments, Facilitation of the motor path, either by increased emotional 
tension or by “voluntary” reinforcement, increases its excitability until 
the same central circuits whose activity constitutes internal speech are 
able to excite the overt movements. This aspect of the language func- 
tion is irrelevant to the problem of syntax or serial order, but is im- 
portant as illustrating a further point in the dynamics of the cerebrum. 
Many activities seem to require for their performance both a specific 
patterning and also a general facilitation, a rise in dynamic level. 
There are, I think, indications that hemiplegia and motor aphasia are 
primarily expressions of a low level of facilitation rather than a loss of 
specific integrative connections which are involved in the use of lan- 
guage or in the patterning of our movements. A monkey, for example, 
after ablation of the precentral gyrus may seem unable to use the arm 
at all, but if emotional excitement is raised above a certain level, the 
arm is freely used. As soon as the excitement dies down, the arm is 
again hemiplegic. I have seen something of the same sort in a human 
hemiplegic. The problem of the availability of memories, which was 
raised earlier in the discussion here, may find a partial solution in such 
fluctuations in dynamic level. In many of the organic amnesias the pat- 
tern of integration seems to be retained but can be reactivated only by 
an abnormally intense sensory Or central reinforcement. 
GENERALITY OF THE PROBLEM OF SYNTAX 

I have devoted so much time to discussion of the problem of syntax, 
not only because language is one of the most important products of 
human cerebral action, but also because the problems raised by the 
organization of language seem to me to be characteristic of almost all 
other cerebral activity. There is a series of hierarchies of organization; 
the order of vocal movements in pronouncing the word, the order of 
words in the sentence, the order of sentences in the paragraph, the 
rational order of paragraphs in a discourse. Not only speech, but all 
skilled acts seem to involve the same problems of serial ordering, even 
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down to the temporal coordination of muscular contractions in such a 
movement as reaching and grasping. Analysis of the nervous mecha- 
nisms underlying order in the more primitive 
timately to the solution even of the phy: 

It is possible to designate, that is, to point to specific examples of, 
the phenomena of the syntax of movement that require explanation, 
although those phenomena cannot be clearly defined. A real definition 
would be a long step toward solution of the problem. There are at least 
three sets of events to be accounted for. First, the activation of the 
expressive elements (the individual words or adaptive acts) which do 
not contain the temporal relations. Second. the determining tendency, 
the set, or idea. This masquerades under many names in contemporary 
psychology, but is, in every case, an inference from the restriction of 
behavior within definite limits, Third, the syntax of the act, which can 
be described as an habitual order or mode of relating the expressive 
elements; a generalized pattern or schema of integration which may be 
imposed upon a wide range and a wide variety of specific acts. This is 
the essential problem of serial order; the existence of generalized 
schemata of action which determine the sequence of specific acts, acts 


which in themselves or in their associations seem to have no temporal 
valence. 
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dependence of current control. “Whip-snapping” movements of the 
ated accurately in extent, yet the entire movement, 


hand can be regul 
a, requires less than the reaction time for 


from initiation to completior 
tactile or kinesthetic stimulation of the arm, which is about one-eighth 
of a second, even when no discrimination is involved. Such facts force 
the conclusion that an effector mechanism can be pre-set or primed 


to discharge at a given intensity or for a given duration, in inde- 


pendence of any sensory controls. 


CENTRAL CONTROL OF MOTOR PATTERNS 

controls is true not only of intensity 
and duration of contraction of a synergic muscle group but is true 
also of the initiation and timing of contraction of the different muscles 
in a complex movement. The hand may describe a circular movement 
involving coordinated contractions of the muscles of the shoulder, 
elbow, and wrist in about 4o second, and the stopping of movement 
at a given position, of course, action of that time. The 
finger strokes of a musician may reach sixteen per second in passages 
which call for a definite and changing order of successive finger move- 
ments, The succession of movements is too quick even for visual reac- 
tion time. In rapid sight reading it is impossible to read the individual 
notes of an arpeggio. The notes must be seen in groups, and it is 
actually easier to read chords seen simultaneously and to translate 
them into temporal sequence than to read successive notes in the 


arpeggio as usually written. 
Sensory control of move 


This independence of sensory 


is only a small fr 


ment seems to be ruled out in such acts. 
They require the postulation of some central nervous mechanism which 
fires with predetermined intensity and duration or activates different 
muscles in predetermined order. This mechanism might be represented 
by a chain of effector neurons, linked together by internuncials to 
produce successive delays in firing. In some systems the order of action 
may be determined by such a leader or pace-setter. Buddenbrock (6) 
has shown for the stick insect. and Bethe (3) for a number of animals 
from the centipede to the dog, that removal of one or more legs results 
in a spontaneous change in the order of stepping. Thus, for the insects, 
the normal order is alternate stepping of the first pair of legs with right 
first, left second, right third leg advancing together. With removal of 
the left first leg, the right first and left second alternate and the order 
becomes right first, left third, right third stepping together, with left 
second and right second advancing together, instead of alternately. 
These investigators were interested in spontaneity of reorganization, 
rather than in the mechanism of coordination, and did not propose any 
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theory for the latter. They did show, however, that it is necessary to 
remove the leg completely to get the change in pattern of movement; 
sensory impulses from a limb stump would prevent it. Such coordina- 
tion might be explained, perhaps, by a combination of loss of excit- 
ability in the centers of the absent limb, by the excitation of the re- 
maining anterior center as a leader or pace-setter, and the spread of 
alternate waves of inhibition and excitation from the more anterior to 
the more posterior limb centers. The spontaneous change in coordina- 
tion shows, however, that the coordination is not due to the action of 
predetermined anatomic paths but is the result of the current physio- 
logical state of the various limb centers. 

Such an hypothesis implies also the assumption of a polarization of 
conduction along the neuraxis, with the order of excit 
by the spatial arrangement of the centers of the legs. I see no other 
possibility of accounting for the facts. The examples of circular move- 
ment and of finger coordination, involving temporal integration of 
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chain of internuncials but for two facts. First, such series are usually 
reversible at any point or can be started from any point This would 
require the assumption of a second set of Sn habit ated to 
conduct in the opposite direction, and this in turn leads to She forile 

nduction, Second, such patterns of 


assumption of a polarization of cor 

coordinated movement may often be transferred direct] ther 
motor systems than the ones practiced. In such tra oe a 5 3 
hand for writing, an analysis of the movements Jons e Se 15 ae 


a reduplication of the muscular patterns on the tw id re 
production of movements in relation to the e 


body. Try upside-down mirror 


ation determined 


Š ay contribute 
ents in a spatial pattern. 
SPACE COORDINATE SYSTEMS 
The work of Sherrington, Magnus, and others 
reflexes has defined one level of spati ati on postural tonus and 
doubtful if these studies have rey eff ton rather fully, yet it is 
The work has shown that the tonic disch ective neural mechanism. 
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gic or antergic action. To these influences are added vestibular and 
cerebellar effects. Diagrammatically these mutual influences of the 
muscular system may be represented by separate reflex circuits from 
each receptor to every muscle, as Sherrington (21, p. 148) has done. 
But no neuro-anatomist would, I am sure, maintain that such separate 
circuits or paths exist. What the experiments on posture actually show 
is a correlation of sensory stimulation and of tonic changes in a net- 
work of neurons whose interconnections are still undefined. The reac- 
tions isolated experimentally have the characteristics of simple directly 
conducted reflexes, but their combination results in patterns of move- 
ment and posture which have definite relations to the axes of the body 
and to gravity. 

This postural system is based on excitations from proprioceptors. 
The distance receptors impose an additional set of space coordinates 
upon the postural system, which in turn continually modifies the co- 
ordinates of the distance receptors. The dropped cat rights itself, if 
either the eyes or the vestibular senses are intact, but not in the ab- 
sence of both. The direction of movement on the retina imposes a 
directional orientation on the postural system. Conversely, the gravita- 
tional system imposes an orientation on the visual field. Upright objects 
such as trees or the corners of a room appear upright, at no matter 
what angle the head is inclined. Derangement of the vestibular system 
can disturb the distance orientation or the orientation of the receptors, 
as in the apparent swaying of the vertical as a result of the after-images 
of motion following hours of rocking in a small boat. 

There are other, still more generalized systems of space coordinates. 
We usually keep track of the compass points or of some more definite 
index of direction by a temporal summation of the turns made in 
walking, though not always with success. Finally, there is a still more 
plastic system in which the concepts of spatial relations can be volun- 
tarily reversed, as when one plays blindfold chess alternately from 
either side of the board. 

Explanation of these activities, these complex interactions, in terms 
of simple isolated interconnections of all of the sensory and motor 
elements involved seems quite improbable on anatomic grounds and 
is ruled out by results of our experiments on sectioning of the spinal 
cord. Ingebritzen (14) studied rats with double hemisection of the 
cord: one-half of the cord cut at the second, the other at the fifth 
cervical segment. In the best case only a small strand of the spino- 
cerebellar tract of one side remained intact. These rats were able to 
balance in walking, oriented to visual stimuli, scratched with the right 
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or left hind foot according to the side of the f. 
to run mazes correctly, and even Je 
push down a lever with the fore 

The alternative to the isol 
is that the various impulses 


ace stimulated, were able 
arned to rise on the hind feet and 
paws in opening a box. 

ated-path theory of the space coordinates 


which modify postural tonus are poured 
into a continuous network of neurons, where their summated action 


results in a sort of polarization of the entire system. I shall consider 
later the integrative properties of such a net. For the moment I wish 
to emphasize only the existence of these systems of space coordinates. 
Their influences pervade the motor system so that every gross move- 
ment of limbs or body is made with reference to the space system. 
The perceptions from the distance receptors, vision, hearing, and 
touch are also constantly modified and referred to the same space 
coordinates. The stimulus is there, in a definite place; it has definite 
relation to the position of the body, and it shifts with respect to the 


sense organ but not with respect to the general orientation, with 
changes in body posture. 


Memories of objects usually give the 
and even more abstract concepts may have definite spatial reference. 
Thus, for many people, the cardinal numbers have definite positions on 
a spiral or other complicated figure. What, if anything, such space 
characters can contribute to temporal integration is an Te question. 


They provide a possible basis for some serial actions through interac- 
tion of postural and timing me > 


m position in the space system, 


chanisms. 


RHYTHMIC ACTION 

The simplest of the timing mech 
mic activity. T. Graham Brown (5 
afferented preparations that the r 
and progression are independent of per: 
maintained by a central nervous mech, 
He suggested that this mechanism o 
than the simple reflex, is the u 


anisms are 
) first s 
hythmi 


those controlling rhyth- 
howed by his studies of de- 
movements of respiration 
ipheral stimulation and are 
em gk reciprocal innervation. 
mit of f reciproca] innervation, rather 
oon et rahaden gett he ears 
tory circuits which is coming to play so ge a ae of se ma 
theory Todays Holst (18) bas recently shown that the 17 ee 
rhythms, that of its own innervation and oe of two su 
two rhythms are centrally maintained, 
Musical rhythms seem to be an elaboration of th 
The time or beat is started and maintaine 1 
160 per minute. This rate js then imposed 


perimposed 
at of the pectoral fins. These 


me sort of thing. 
definite rate, say 
arious activities, The 
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all in multiples of the basic rate. If the leader 


fingers of the musician f. 
of a quartet speeds up the time or retards, all the movements of the 


players change in rate accordingly. Not only the time of initiation but 
also the rate of movement is affected. The violinist, in a passage re- 
quiring the whole bow, will draw the bow from frog to tip at a uniform 
rate for the required number of beats, whether the tempo is fast or 
slow. With practiced violinists, the rate of movement is extremely 
accurate and comes out on the beat at the exact tip of the bow. 

Superimposed on this primary rhythm is a secondary one of empha- 
icter of 3/4, 4/4, 6/4, or other time. The mechanism 
of these rhythms can be simply conceived as the spread of excitation 
from some centers organized for reciprocal innervation; as a combina- 
tion of the principles of Brown and of Holst. There are, however, still 
thms in all music. That of the melodic line is 
most uniform. In much music, the melodic progression changes in 
2, 4, or some multiple of 4 measures. In improvi ation, the performer 
keeps no count of measures, yet comes out almost invariably in a reso- 
lution to the tonic of the key after some multiple of eight measures. 
Here a generalized pattern is impressed on the sequence, but it is a 
simpler pattern than that of grammatical structure. It only requires the 
recurrence of a pattern at certain rhythmic intervals; a pick-up of a 
specific pattern after so many timed intervals. 

There are, in addition, still less regular rhythms of phrasing and 
emphasis. Parallels to these found in speech. The skilled ex- 
temporancous speaker rounds his phrases and speaks with a definite 
though not regular rhythm. 

` ad to almost every other concurrent ac- 


The rhythms tend to spres 
tivity. One falls into step with a band, tends to breathe, and even to 
speak in time with the rhythm. ‘The all pervasiveness of the rhythmic 


discharge is shown by the great difficulty of learning to maintain two 
rhythms at once, as in three against four with the two hands. The 
points to be emphasized here are the widespread effects of a rhythmic 
discharge indicating the involvement of almost the entire effector sys- 
tem, the concurrent action of different rhythmic systems, and the im- 
position of the rate upon both the initiation and speed of movement. 
Consideration of rhythmic activity and of spatial orientation forces 
the conclusion, I believe; that there exist in the nervous organization, 
elaborate systems of interrelated neurons capable of imposing certain 


types of integration upon a large number of widely spaced effector 


elements; in the one case tran 
facilitative excitation to all effe 
a directional polarization to both receptor 


sis, giving the chara 


more complicated rhy 


can be 


smitting temporally spaced waves of 
ctor elements; in the other imparting 
and effector elements. These 


128 The Problem of Serial Order in Behavior 


systems are in constant action. They form a sort of substratum upon 


which other activity is built. They contribute to every perception 
and to every integrated movement. 


INTERACTION OF TEMPORAL AN 
Integration ascribed to the 8 


D SPATIAL SYSTEMS 
patial distribution of excitations in the 
nervous system has been much more intensively studied than the 
temporal aspects of nervous activity. Theories of integration are based 
almost exclusively upon space properties, time entering only in theories 
of facilitation, inhibition, and after-discharge, In cerebral functions, 
however, it is difficult to distinguish between spatial and temporal 
functions. The eye is the only organ that gives simultaneous informa- 
tion concerning space in any detail. The shape of an object impressed 
on the skin can scarcely be detected from simultaneous pressure, but 
the same shape can readily be distinguished by touch when traced on 
the skin with a moving point or when explored by tactile scanning. 
The temporal sequence is readily translated into a spatial concept. 
Even for vision it might be questioned whether simultaneous stimula- 
tion gives rise directly to Space concepts. The 
surveyed by eye movements, and its form is a 
a series of excitations. Even with t 
discharge permits a temporal survey 
attention provide an effective scanning, 
Since memory traces are, we believe, 
simultaneously, it must be assumed th 
tiated. Nevertheless, reproductive me 


as a temporal sequence, either aS a succession of words or of acts: 
Even descriptions of visual imagery (the supposed simultaneous re- 
productive memory in sensory terms) are generally descriptions of 
sequences, of temporal reconstructions from ver fragmentary and 
questionable visual elements, Spatial and el 3 : appear 
to be almost completely interchangeable in Serebral — The ae 


lation from the spatial distribution Memory traces to temporal 
sequence seems to be a fundamental aspect of the problem of serial 
order. 


I spoke earlier of the probabilit ati riming 
5 ss Uf dr fi ation or priming 
of aggregates of words before the sentence is actually ted from 
them. There is a great deal of evidence for such preliminary facilitation 


of patterns of action in studies of reaction time and of word association. 
Reaction time, in general, is reduce N 


visual object is generally 
reconstruction from such 
achistoscopic exposures, the after- 
> and, with visual fixation, shifts of 


in large part static and persist 
at they are Spatially differen- 
mory appears almost invariably 


of 


y ofa Partial activ, 


d by Prelimir . b 
í > lar a 
instructions which allow the subject to Prepare 3 bs 
required. In controlled association exp he specinc a 


eriments, the subject is in- 
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structed to respond to the stimulus word by a word having a certain 
type of relation to it, such as the opposite or a part of which the 
stimulus is the whole; black-white, apple-seed. The result is an attitude 
or set which causes that particular category to dominate the associative 
reaction. Whether such preliminary reinforcement is to be ascribed to 
accumulation of excitatory state, as defined by Sherrington (21), or to 
al process, the facts of behavior assure that it 


some other physiologic 
ays a decisive role in determining the 


is a genuine phenomenon and pl 


character of the response. 
Once the existence of such states of partial activation is recognized, 


their possible role in temporal integration must be considered. There 
are indications that one neural system may be held in this state of 
partial excitation while it is scanned by another. Here is an example. 
A series of four to six numbers is heard: 3-7-2-9H4. This is within the 
attention or memory span and is almost certainly not remembered in 
the sense in which one’s telephone number is remembered, for memory 
of it is immediately wiped out by a succeeding series of numbers. 
While it is retained in this unstable way, subject to retroactive 
inhibition, the order of the numbers can be reassorted: 372-94, 
827-94, 4-9-2-7-3, and the like. It is as if, in this case, a rhythmic 
alternation can suppress alternate items, or a direction of arousal can 
be applied to the partially excited system. Another example which 
illustrates even more clearly the spatial characteristics of many mem- 
ory traces is the method of comultiplication, used in rapid mental cal- 
culation, In attempts to play a melody backward, we have a further 
illustration. I find that I can do it only by visualizing the music 
spatially and then reading it backward. I cannot auditorily transform 
even “Yankee Doodle” into its inverse without some such process, but 
it is possible to get a spatial representation of the melody and then to 
scan the spatial representation. The scanning of a spatial arrangement 
seems definitely to determine, in such cases, the order of procedure. 
Two assumptions are implied by this. First, the assumption is that the 
associated, not only with other memory traces, but 
coordinates. By this I do not mean that 
the engram has a definite location in the brain; our experiments show 
conclusively that such is not the case. Rather, when the memory trace 
is formed it is integrated with directional characters of the space 
system, which give it position in reference to other associated traces. 
Second, the assumption is that these space characters of the memory 
trace can be scanned by some other level of the coordinating system 


and so transformed into succession. 
This is as far as I have been able to go toward a theory of 


memory traces are 
also with the system of space 
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serial order in action. Obviously, 
concerning spatial representation 
even beg the question, since no one 
order is primary. Furthermore, 
relation of attribute to object, wl 


it is inadequate. The assumptions 
and temporal representation may 
can say whether spatial or temporal 
such determining tendencies as the 
hich gives the order of adjective and 
noun, do not seem to be analyzable into any sort of spatial structure 
or for that matter, into any consistent relationship. I have tried a 
number of assumptions concerning the selective mechanism of gram- 
matical form (spatial relations, the relative intensity or prominence 
of different words in the idea, and so on) but I have never been able 
to make an hypothesis which was consistent with any large number 
of sentence structures, Nevertheless, the indications which I have 
cited, that elements of the sentence are readied or partially activated 
before the order is imposed upon them in e 
some scanning mechanism must be at pl 
poral sequence. The real problem, 
lective mechanism by which the p 
scanning process, and to this pri 

Such speculations conce 
little more than illustrate a point of view con 
tion which is, I believe, more 
the histology and elementary Physiology of the 
behavior phenomena than are the $ 
simple associative chains of re 

Nearly forty years ago B 
physiological hypothesis which can explain the 
of temporal forms in mental life; indeed, 
which even foreshadows the Possibility 
situation is little better today, but I do 
of the fundamental org 


pression, suggest that 
ay in regulating their tem- 
however, is the nature of the 5 
articular acts are picked out in this 
oblem I have no answer. 
rning temporal and spatial systems do 
cerning nervous organiza- 
consistent both with what is known of 
brain and also with 
more widely current theories o 
actions, 
echer (2, Page 243) wrote: “There is no 
origin and relations 
there is no hypothesis 
of such an explanation.” The 
do fee 


anization of the 
for a solution of such problems th 


available when Becher wrote, 
being able to form 


l that changing conceptions 
nervous system offer more hope 
an did the Physiological knowledge 
x However, we are still very far from 
an explicit explanation of tempor r 


THE FUNDAMENTAL MECHANISM Of INTEGRATION 

Neurological theory has been dominated by the belief that the 
neurons of the central nervous System are in an A : 
state for the greater part of the time; that they . 
isolated conditioned reflex ares and that they are a tivated only when 
the particular Teams lor which they are ‘SBectRoalh a — 5 are 
called out. Such a view jg incompatible both Will 5 1 pread 
effects of stimulation which can be demonstrated teers Gant 


al structure. 


inactive or resting 
2 welV 
ey are linked in relatively 
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and also with recent evidence from electrical recording of nervous 
activity. It is now practically certain that all the cells of the cere- 
are being continually bombarded by nerve impulses from 
and are firing regularly, probably even during sleep. 
which they in turn elicit depends upon the cur- 
connected. 


brospinal axis 
various sources 
The nervous activity 
rent physiological state of the neurons with which they are 
It is probably not far from the truth to say that every nerve cell of 
the cerebral cortex is involved in thousands of different reactions. 
The cortex must be regarded as a great network of reverberatory cir- 
cuits, constantly active. A new stimulus, reaching such a system, 

flex path but must produce widespread 


does not excite an isolated re 
changes in the pattern of excitation throughout a whole system of 


already interacting neurons. 

The facts of cerebral structure support such a view. The cortex 
is composed chiefly of neurons with short axons. LeGros Clark (8) 
has found for the striate area of the monkey that Marchi degeneration 
extends for only a short distance from a point of injury. In the striate 
area of the rat, I have never been able to trace degeneration beyond 
three or four cell diameters from the margin of a lesion, and I 
believe that this lack of long transcortical fibers is true of other 
areas as well as of the visual cortex. Visual perception reveals close 
integration of different parts of the striate areas in spite of the absence 
of long association fibers. In the visual cortex of the rat there are only 
19 neurons for each afferent fiber. To produce the animal's visual 
acuity, all of the afferent fibers must be firing continually. There are 
approximately 34,000 cell bodies in the lateral geniculate nucleus of the 
rat, and the minimum number of visual units necessary to produce 
the visual acuity of the rat is actually above this figure. (The acuity 
is determined by direct experimental tests.) These figures should be 
of interest in relation to the numerical values cited by Dr. von 
Neumann. The number of cells in the visual cortex of the rat is 
only about 104, and in some of my experiments where I have removed 
the greater part of the visual cortex the capacity for discrimination 
of visual forms has been retained when no more than 20,000 cells of 
the visual cortex remain. There is also evidence that no part of the 
cerebral cortex except the visual areas is essential for visual perception 


and memory. 


DR. LORENTE DR Nó: What is the number of afferents in the optic 
nerve? 

DR. LASHLEY: There are 290,000 afferents in the optic nerve of the 
rat, and the figure is reduced to 34,000 in the lateral geniculate. The 
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actual numbers are 9,000,000 myoids, 290,000 ganglion cells, gnd 
34,000 cells in the lateral geniculate. That may include cells with ior 
axons also. There are about 125,000 cells in each of the five layers 0 
the cortex. These figures are for one eye and hemisphere. 15 
DR. VON NEUMANN: In the human being the corresponding number i 
about 125,000,000 for the first, isn’t it? 
DR. LASHLEY: I know of no figure for that level. 
DR. LORENTE DE NO: It hasn’t been analyzed in any way. 9 
DR. VON NEUMANN: The optic nerve corresponds to the second aa 
DR. LASHLEY: Yes, The axons of the ganglion cells pass throug 
the optic nerves, There is an average of 300 visual cells firing iito 
each central pathway. There are fewer than 5 cells in the receptive 


layer of the visual cortex of the rat for each afferent fiber of the optic 
radiation and onl 


* 5 is al 

r afferent fiber in the entire 1 
cortex. Since the de rat requires that all of th 
34,000 cells of the i 


; = ; at 
radiation be firing Constantly, it seems certain thi 
all of the neurons 


i 0 ist 
: striate areas, the visual cortex, MU 
be firing constantly. There ; 


the 
2 s e is a good bit of evidence that all of be 
are carried out within the striate areas. 


* ici l 
rom one or another animal, practically 
every other part of the 'socortex without disturbing visual perceptio! 


or memory. With monkeys 1 have removed the supposed visual ass0- 
ciative areas without Producing any significant loss of visual functions. 


removed, f 
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differential responses depend upon the patter? 
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of cells of short axon witl interconnections “tar = its parts 
or with other cortical areas. Its integrative Kaner e aer 1 
of the properties of such a network. ns are an exp 
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emporary disturbance 


K. S. Lashley 133 


of visual attention but no other symptoms. The integrative functions 
seem to be carried out as well without as with the main associative 
tracts. The major integrative functions must, therefore, be carried 
out by the network of cells of short axon. The properties of such 
networks of cells must be analyzed before the mechanisms of the 
cerebral cortex can be understood. Something can be inferred from 
the characteristics of excitability of cells and their arrangement in 
recurrent loops. If, as seems a necessary conclusion from the histology 
of the striate area, all of the cells of the network are subject to constant 
excitation and are firing whenever they recover from the refractory 
state, then mutual interference of circuits will produce complicated 
patterns throughout the area, patterns which will stabilize in the 
absence of differential stimulation, as is perhaps indicated by the 
regularity of the alpha rhythm. Any new afferent impulses reaching the 
a reorganization of the existing pattern. What 
happens at any particular point in the system, as at an efferent neuron, 
is the statistical outcome of the interaction of myriads of neurons, 
not of the transmission of impulses over a restricted path, of which 
that efferent cell forms a link. It is possible to isolate parts of the 
system by operative means or by anesthetics and so to get a one-to-one 
relation of stimulus locus and responding muscles, from which the 
reflex mechanism has been inferred. As Goldstein (12) has pointed 
out, however, the parts isolated in the reflex are influenced by a multi- 
plicity of effects in the intact organism of which there is little or 
no trace in the isolated preparation. 

I can best illustrate this conception of nervous action by picturing 
the brain as the surface of a lake. The prevailing breeze carries 
small ripples in its direction, the basic polarity of the system. Vary- 
ing gusts set up crossing systems of waves, which do not destroy 
the first ripples, but modify their form, a second level in the system of 

ing log with its own period of submersion 


space coordinates. A toss! 
sends out periodic bursts of ripples, a temporal rhythm. The bow 
wave of a speeding boat momentarily sweeps over the surface, seems 


to obliterate the smaller waves yet leaves them unchanged by its 
passing, the transient effect of a strong stimulus. Wave motion is not 
an adequate analogy because the medium which conveys the waves 
is uniform, whereas the nerve cells have their individual characteristics 
of transmission which at every point may alter the character of the 
transmitted pattern. x 

The great number of axon terminations on every nerve cell has not 
been considered in theories of integration. It implies, of course, that the 
e fired by impulses from a variety of sources. But it also 


area can only produce 


cell can b 
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suggests another possibility, more fruitful for understanding of integra- 
tive processes. A nerve impulse arriving over a single axon terminal 
may not fire the cell but may modify its excitability to impulses from 
other sources. In an elaborate system of neurons such subthreshold 
effects might establish a pattern of facilitation which would determine 
the combination of cells fired by subsequent excitations. The space 
coordinate system and various types of set or priming may be pictured 
as patterns of subthreshold facilitation pervading the network of 
neurons which is activated by the more specific external stimulus. 
Such a view of the mechanism of nervous action certainly does 
not simplify the problems nor does it as yet provide any clue to the 
structuring that constitutes the set or determining tendency, or to the 
nature of such relations as are implied in the attribute-object, oppo 
sites, or other abstract Concepts. A few relations seem reducible to 
spatial terms, Part-whole, for example, but even for these there is 
no clear conception of the neural basis of their space properties. These 


considerations do not, I believe, contradict fundamentally the basic 
conceptions that have be 


en formulated by Dr. McCulloch. They do, 
however, indicate a direction of necessary elaboration. The nets active 
in rhythmic and spatial Organization are apparently almost coextensive 
with the nervous system. The analysis must be extended taithe proper- 


ties of such nets; the way in which they are broken up into reactive 
patterns in the spread of excitation, to give, for exam e directional 
propagation or its equivalent, I strongly suspect hist mann : shenomena 
of generalization, both sensory a è = a 1 ee 5 
simple switching, but of inte mplex pa E 8 Proc ue Si 5 
within such systems. Plex patterns of organiza 
SUMMARY 
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which we can study by direct Physiological 
attempting to formulate a Physiology 0 
ignore them. Serial order is typic 
activity; few, if any, of the Problems are 
solution. We can, perhaps, Postpone the fatal day ., 
them, by saying that they are too complex ior x 
there is danger here of constructing a false Ea 
that we believe to be simpler, I am co m : 
conviction that the rudiments of ever ore 
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even in primitive activities of the ne. 
human cerebral action, processes whi 
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or inexplicable in terms of our present construct of the elementary 
physiology of integration, then it is probable that that construct is 
incomplete or mistaken, even for the levels of behavior to which it is 
applied. 

In spite of its present inadequacy, I feel that the point of view 
which I have sketched here holds some promise of a better understand- 
ing of cerebral integration. Attempts to express cerebral function in 
terms of the concepts of the reflex arc, or of associated chains of neu- 
rons, seem to me doomed to failure because they start with the assump- 
tion of a static nervous system. Every bit of evidence available indi- 
cates a dynamic, constantly active system, or, rather, a composite of 
many interacting systems, which I have tried to illustrate at a primi- 
tive level by rhythm and the space coordinates. Only when methods 
of analysis of such systems have been devised will there be progress 
toward understanding of the physiology of the cerebral cortex. 


REFERENCES 


1. Akelaitis, A. J. Studies on the corpus callosum. ii. The higher visual functions 
in each hononymous field following complete section of the corpus callosum, 
Arch. Neurol, Psychiat., 1941, 45, 788-796. 

2. Becher, E. Gehirn und Seele. Heidelberg, 1911. 

3. Bethe, A. Plastizität und Zentrenlehre. Handb. d. norm. u. path. Physiol., 
1931, 15 (zweite II.), 1175-1220. 

4. Boring, E. G. A history of experimental psychology. New York: Century Co., 
1929. 

5. Brown, T. G. On the 
centers. J. Physiol., 1914, 48, 18—46. 

6. Buddenbrock, W. v. Die Rhythmus der Schreitbewegungen der Stabheu- 
schrecke Dyxippus. Biol. Centralb., 1921, 41, 41-48. 

7. Chamberlain, A. F. Indians, North American. Enc, Brit., 1911, 14, 452-482, 

8. Clark, W. E. LeGros. Observations on the associative fiber system of the 
visual cortex and the central representation of the retina. J. Anat. London, 
1941, 75, 225-236. , ö i 

9. Epstcin, I. La pensée et la polyglossie. Paris: Payot et Cie (no date). 

10. Fournié. Essai de psychologie. Paris, 188 

11. Fritsch, G., and Hitzig, E. Ueber die elekt 
Arc. f. Anat. u. Physiol., 1870, pp- 300-332. 

12. Goldstein, K. The organism. Boston: Ginn & Co., 1939. 

18. Holst, N. v. Vom Wesen der Ordnung im Zentralnervensystem. Die Natur- 
wissenschaften, 1937, 25, 625-631; 641-647. 

14. Ingebritzen, O. C. Coordinating mechanisms of the spinal cord. Genet. 
Psychol. Monogr., 1933, 13, 483-555. 

15. Jacobsen, E. Electrophysiology of ment 
44, 677-694. 


16. Lashley, K. S. 
the moving organ. Amer. J. Physiol., 1 


nature of the fundamental activity of the nervous 


che Erregbarkeit des Grosshirns. 


al activities. Amer. J. Psychol., 1932, 


The accuracy of movement in the absence of excitation from 


917, 43, 169-194. 


136 The Problem of Seria] Order in Behavior 


2 rtex. 
17. Lashley, K. S. The mechanism of vision. xvii, Autonomy of the visual co 
J. Genet. Psychol., 1942, 60, 197221. 


stroying the 
18. Lashley, K. S. The mechanism of vision, xviii. Effects of destroying 
visual “associative areas” 


3, 37. 
in the monkey. Genet, Psychol. Monogr., 1948, 
107-166. 


19. Max, L. W. Experimental study of the mo 


J. Comp. Psychol., 1937, 24, 301-344, 
20. Pick, A. Die agran 


21. Sherrington, C. 8. 
Constable, 1906. 
Sherrington, G. S. 


P IV. 
tor theory of consciousness. 


nmatischen Sprachstörungen. Berlin, 1913. London: 
5 a 4 g ël 0 
The integrative action of the nervous system. 


Some functional problems att 

Proc. Roy. Soc., B, 1929, 105, 332-362, wh, J 

23. Thorsen, A. NI. The relation of tongue movements to internal speech. 
Exp. Psychol., 1925, 8, 1-32, 

24, Titchener, E. B. Lectures on the 
processes. New York: The M 

25. Washburn, M. F. 
1916. 

26. Watson, J. B. Is thinking merely the 
Brit. J. Psychol., 1920, 11, 86-104, 


vergence. 
aching to convergen 


sht 
experimental psychology of the thoug 
acmillan Co., 1909, 


ifflin, 
Movement and mental imagery. Boston: Houghton Mi 


9 
j schanisms* 
action of the language mechani 


DISCUSSION 


DR. KLiiver: In 1914, there appe 
of the author, marked an epoch—s 
his life he celebrated the day the manuscri 
his birthday. The author Was von Monako 
was Die Lokalisation im Grosshirn, There is a remarkable connection 
between von Monakow’s monumental contribution to neurology in 
1914 and Dr. Lashley’s presentati ay. In my Opinion, this is the 
first time since 1914 that a neurologica] thinker has presented such a 
trenchant analysis of the role of the time factor in behavior. If you 
study von Monakow’s book you find that the ce 
work is the concept of a “chronogenic localization,” 
has been almost completely ignored during the intery 

It is not possible today to enter into a 
problems raised by Dr. Lashley’s pre: 
of thinking to temporal organization, 
with. a. certain dilemma. Ideas, concepts, and 
have no reference to time and Space, and, yet, th. 
; d identification of ideas are Proce: 
HOH, ue a It is the relation of 
occurring in space. ; T 
factors which is of interest to the physio 


ared a book which, in the opinion 
ince during the remaining years i 
Pt was completed instead o: 
w, and the title of the book 


Sards the relation 
to me, confronted 
meanings themselves 
© expression, formula- 
ses Proceeding in time and 
ideas to temporal and spatial 
logical Psychologist. Even the 
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fact that the verbal expression of an idea is linked up with a temporal 
sequence of acoustic events raises intricate questions. I got an inkling 
of some of the difficulties on a visit to Vogt's Institute for Brain Re- 
search, where an investigator utilized the methods of experimental 
phonetics in studying the speech utterances of neurological and psy- 
chiatric patients. He found, on the one hand, that the curves he had 
obtained could not be interpreted without considering the acoustic 
events “carriers of meanings” and, on the other hand, that certain 
forms of expression survived speeding up and slowing down and even 
the complete reversal of the temporal sequence. I do not know 
whether any further attempts have been made to utilize the techniques 
of experimental phonetics. 

I should like to comment on only one other point. It is true that the 
same idea may be expressed in various languages by utilizing a dif- 
ferent temporal order of words, just as the same perceptual relation 
may be recognized on the basis of different relata; but it is also true 
that the structure of language may prevent us from expressing ideas 
and thinking along certain lines. The fact that the language I am using 
now does not possess a word for a rough, wet object undergoing a 
color change may have the consequence that I overlook such an object 
or that I do not identify, remember, and think about it. Consequently, 
such an item may not or cannot enter a temporal sequence utilized in 
expressing an idea. In this connection Allers’ experiments on “word 
nearness” and “word remoteness” are of particular interest. According 
to Allers, every attempt to express an idea in words induces a tendency 
towards selecting items in terms of word nearness. Word nearness and 
word remoteness may become decisive in determining the temporal 
sequence and in expressing or not expressing an idea. The line of 
demarcation between word-near and word-remote elements is subject 
to marked variations and even varies from individual to individual. No 
doubt, the sequence of phenomena calling for an expression in words, 
the sequence of words, and the sequence of ideas are sequences of a 
different order. The great value of Dr. Lashley’s analysis lies in the 
fact that it exhibits the significant factors involved in the expression of 
in other instances of serial ordering, and that it 


ideas as well as r : c 
effectively in formulating mechanisms of cerebral 


utilizes such factors 


activity. i 3 
pr. könLrr: Dr. Lashley rightly said that human orientation in space 


is mostly achieved in a sequence of events. We move our eyes, or our 
attention wanders, and so forth, as we inform ourselves about our 
environment. Curiously enough, however, while the process of becom- 
ing so informed occurs in time, and consists of successive acts, the 
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result appears almost independent of this temporally extended origin. 
Apart from objective changes, which we may ignore in this connec- 
tion, the space in which we live 
the most part perfectly stationa 
this observation. I wonder whe 
history of becoming informed 
information. 


DR. GERARD: I tried yesterday, in a brief summary, to remain strictly 
non-partisan while indicating the various viewpoints that had been 
presented and which were still to come. Actually, I find it impossible 
to think through or even towards the complexities of behavior if 
restricted to atomic units traveling along atomic fibers. Even the work 
we did on the frog brain, which showed a potential field present in 
which moving waves of electrical activity could travel and cross com- 
plete anatomical cuts, seems inexplicable at that level. My own inclina- 
tion is to think of the discrete elements and the patterns of their 
activity as involved in the more particular performances af the nerv- 
ous system, in the immediate Sequences of action as emphasized, but 
also as active in the more integrated behavior of the SPA af the 
nervous system. This doesn’t mean that, in any way, I am disagreeing 
with Dr. Lashley’s final comment. One can hope ee he n 82 aie 
that all the properties of the most complex nervo ie salt srove 
to be adumbrated in the Properties of the simp] 5 E ips tee 
nection when we know those properties sufficiently * 

I would like to raise one Particular point, ed ke si r Culler 
and his colleagues reported an observation whicl 1 a b en 
elaborated or may have been refuted; I haven’t be co oe i at 
literature. If it is correct, it seems very relevant t et following 5 
and I'd like Dr. Lashley’s reaction to it. In do 5 8 waoe pagal 
particular way, a circumscribed region of iar an ag n . — 
either of the receptor or of the effector, becam * pa ir A 5 
and produced the conditioned response. When t ectrically excitable 
was extinguished, that area became — ne salle 
sharp localization of conditioning in that au There Was, thus, a 

articular case, one of the 


few striking exceptions to the more Sener; 
ral patter ivi 
What is the present status of such work? le nnn 


DR. HALSTEAD: I couldn't help thinking, as J liste 
example of what I would call the higher ent ae to this excellent 
have prevented all this by putting a lesion ie r rocesses, that I could 
nervous system—the anterior portion of Dr. Particular Part of one 
If instead I had put a lesion in area 19 of Dr 


and the objects around us, appear for 
ry. Dr. Lashley agrees, of course, with 
ther he can tell us how in this case the 
disappears so completely from the final 


ashley’s Prefrontal areas. 

oe ee : + Tashia. aig 

portant elements in his presentation Would uda eee 
?tedly have been 
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lacking. Yet we could have removed probably each lobe of the brain 
individually without disturbing the basic form or organization. 

I have been greatly impressed with the case that Dr. Lashley has 
made for non-specific, non-mosaic representation. I would like to 
emphasize, and if I am incorrect I hope that he will point it out, that 
his view is not incompatible with progressive specialization of function. 
The language functions that he talked about are not disturbed, except 
when particular areas in the brain are involved. The visual functions 
that he described are not disturbed, except when particular regions of 
the brain are involved. The important thing is that, within the region, 
there seems to be the possibility for equivalence to arise. 

DR. LORENTE DE NO: It is typical of Dr. Lashley that he places on the 
board a series of figures that no anatomist had ever determined. 
Dr. Lashley had to determine them himself in order to go on with his 
Work. 

I don't think that I have yet fully appreciated the value of Dr. Lash- 
ley’s talk. I will have to read it and study it thoroughly, but, while I 
was listening, there was going through my head a mental picture 
ent of a number of experiments that I intend to 


of the future developm 
Lashley’s speech. One of the prob- 


perform—suggested to me by Dr. 
lems that Dr. Lashley has suggested to me is very accessible of ex- 
perimentation in the study and treatment of things of purely central 
origin. There is one very good situation in which we meet discharges 
of very long duration, which can be created in the absence of every 
peripheral influence. You know that stimulation of the labyrinth pro- 
duces a rhythmical movement of the eye and establishes the fact that 
this rhythm is not dependent upon the feedback from the eye muscles 
mpulses can be recorded directly from the nerves 
and therefore any sensory feedback is eliminated. 
nds to the nervous system is a continuous stream 


for its production. I 
to the eye muscles, 


What the labyrinth se : i ; 
of impulses, not interrupted rhythmically. The interruptions are pro- 


duced in the nervous system, and, furthermore, can be produced when 
the labyrinths are extirpated. Thus in the usual vector nystagmus, if 
one labyrinth is extirpated, the spontaneous nystagmus will last some 
10 or 12 or 15 days after that, and then the spontaneous nystagmus 
rinth is then extirpated, the nystagmus re- 
ays. This is a purely central phenomenon 
kind coming from the periphery into the 
centers, and the nystagmus can be recorded from the motor nerves 
after the extirpation of the eye. Consequently, it is describable as 
rhythmical activity, and is the type of rhythm that Im going to in- 


vestigate as soon as I get to it. 


ceases. If the second laby 
appears and lasts for 7 or 8 d 
—there are no impulses of any 
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I would also like to make a remark in reference to Dr. Gerard's 
statement about neural elements in cerebral physiology. We have ben 
for many years, considering only the transmission of impulses as the 
natural mode. Now, this potential field of yours is another mechanism 
by which the nerve cells act upon others. Sometimes neurons act er 
others by the transmission of impulses, and sometimes by the potentia 
field of the currents that they establish, 

DR. weiss: The great value of Dr, Lashle 
fact that it places rigorous limit 
in designing models of the nery 
system can be true unless it in 
for the real nervous system. Y 
are far short of satisfying this 


Dr. Lashley’s theses receive crucial support from the student of 
development. The embryologist has long been up against a tremendous 
task. While the Physiologist and Psychologist deal with the ready- 
made machine of the nervous system and can add to it as many proper- 
ties as he thinks necessary, the embryologist must explain just how 
such an immensely intricate, yet orderly, thing can develop. These 
studies are still in their infancy, but a few things have already come 
out which gibe completely with the conclusions that Dr. Lashley has 
presented here; for instance, the Telative autonomy of structured pat- 
terns of activity, and the hierarchical] Principle of their organization. AS 
I said previously, the nervous system jg not one big monotonic pool 
whose elements can be freely recombine. ny number of groupings: 
thereby giving an infinite variety of nervous responses. This used to be 
the old idea of the associationists, and it is utterly incompatible with 
what we have learned about the development of the nervous system 
and its functions in animals, I Wwouldn’t have spoken here if Dr. Lash- 
ley hadn’t said that he is convinced that Whatever happens in the brain 


of man is foreshadowed, and, in Principle, is the same as what happens 
ame a at ha 
in the lower organisms. Therefore, 


assuming that Premise, I would now 
like to add a few comments, > 


Vs presentation lies in the 
ations upon the free flight of our fancy 
ous system, for no model of the ee 
Corporates the properties here described 
ou will recognize that our current models 
condition, 


d in a 


mate structural units, 
ate by activating lower pat- 
structural unity. The 


oes not project itself 
Urons, but o 


he Pre-exist 
> in turn, 


down to the last final path of motor ne 
distorting, and somehow modifying t 
terns of central coordination, which 
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tions upon the lower patterns of effection and so on. The final output 
is then the outcome of this hierarchical passing down of distortions and 
modifications of intrinsically preformed patterns of excitation, which 
are in no way replicas of the input. The structure of the input does not 
produce the structure of the output, but merely modifies intrinsic nerv- 
ous activities that have a structural organization of their own. This 
has been proved by observation and experiment. Coghill has shown 


that the motor patterns of the animal develop prior to the development 


of sensory innervation. I have shown, as others have, that the removal 


of the sensory innervation does not abolish the coordination of motor 
activities, Moreover, coordinated motor functions of limbs and other 
parts develop even if these parts have been experimentally prevented 
from ever becoming innervated by sensory fibers. Therefore, the sen- 
sory pathway can have nothing to do with the structure of the motor 
response, There are still some authors who try to save the old associa- 
tionist idea that actually the input shapes the structure of the output. 
I think that they are fighting a losing fight, and I think that today’s 
discussion ought to have given them the coup de gràce. The essential 
independence of the structure of motor activity is dramatically demon- 
strated when one exchanges and reverses the limbs of animals and then 
finds them crawling backwards whenever they aim to crawl forwards, 

ave seen my film where this had been 


and vice versa. Many of you h y 
done in the developed animal, but the same operations have been done 
in embryos and these animals have then functioned in reverse from the 


very beginning. What more spectacular expression cin there be of the 
intrinsic primacy of the motor patterns of behavior for which the 
external input acts only as a selective trigger? 

The autonomous development of central functions raises a further 
question; Are the response patterns preformed as merely static condi- 


tions, or are they of dynamic nature, that is, properties of automatic 
central activities? Lashley has favored the latter view, and, again, ex- 
periments in lower animals furnish corroborative evidence. Intrinsic 
automatic rhythms have been shown, for instance, by Adrian in the 
brain stem of the goldfish and in insect ganglia, by Prosser in other 
arthropods, by Bremer and by von Holst in the spinal cord, and by 
Bethe in jellyfish. I have shown experimentally that any group of bul- 
bar or spinal nerve cells taken from vertebrates, if deprived of their 
structural bonds of restraining influences and allowed to undergo a 
certain degree of degradation, will display permanent automatic, 
rhythmic, synchronized activity of remarkable regularity. Rhythmic 
activity, therefore, seems a basic property of pools of nervous elements. 
Whether this automatism is generated by neuron switch works or 
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rather by the rhythmic waxing and waning of metabolic activity ex- 
pressing itself in the electric field, as suggested by Dr. Gerard, is a 
secondary question. The principal point is that the rhythm is not some- 
thing generated through an input rhythm, but is itself a primary 
rhythm which may be released and even speeded up or retarded by the 
input, but is not derived from the input. So we have experimental 
evidence that autonomy of pattern, rhythmic automatism, and hier- . 
archical organization are primary attributes of even the simplest nerv- 
ous systems, and I think that this unifies our view of the nervous sys- 
tem. I conclude with expressing my hope that today’s discussion will 
really mark a turning point in the building of neurological theories so 
that more regard will be given to all the actual facts that we do know 
about nervous systems. 

DR. MC CULLOCH: There is a paper by Wiener, written when he was 
working with Bertrand Russell, in which he described the space of im- 
plications. It is a peculiarly degenerate sort of space. Now I, like many 
other men, find it difficult to think in motion. When I think about mo- 
tion, I freeze it in a four-space. If you take Wiener's degenerate space 
of implication and make yourself a four-sp: 


ace image of it, you can 
visualize these rhythms as fixe 


d forms. You can practically superimpose 
large numbers of these forms easily in the mind instead of battling with 
two or three. That is the first point, and it is merely a technical device. 

Second, you remember that I said that on the way down from the 
cerebral cortex I was utterly unhappy about our knowledge of how the 
cortex did this or that on account of our ignorance of the lower mech- 
anisms. I want to say a word about two rhythmical affairs that we are 
now working on. If, in the intact animal, you stimulate the nucleus 
caudatus, the animal just slumps. If, however, you cut bilaterally the 
cerebral peduncles, through which all impulses coming from the cere- 
brum have to go to reach the hindbrain and lower structures, and 
if you then stimulate the nucleus caudatus, you get beautiful automat- 
ically associated rhythmical movements, One, for example, resembles 
a cat fishing in the gold-fish bowl. Another resembles feline boxing. 
There is always some part of the body, arm, leg, or face, leading in 
each of these movements. The sequence of each movement belonging 
to this group starts in the axial system, then goes to the axio-appen- 
dicular, and thence to the appendicular, moving ever outward, I have 
never seen any evidence of somatotopic localization in the input to 
the nucleus caudatus. Yet here, in its output, on coming down any one 
puncture, stimulation at superior positions gives responses beginning in 
the tail and hindleg, deeper, in the forelegs, and near the very bottom, 
in the face. From the bottom you get complicated lapping and dhew: 
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ing movements just as you do from the amygdala. You get similar 
movements from the putamen under these circumstances and always 
this representational reversal, the lowest part being represented high- 
est. Now, if you go down their descending systems, whether you go 
down the ansa lenticularis or go into the bunch of fibers that pass 
into the subthalamus and turns down, you can follow right down, 
stimulating them with similar results. Let me remind you that your 
stimulus is just a series of impulses, say 40 or 30 per second. The fre- 
quency of the movements increases with the voltage of stimulation, to 
10 per second. You continue to get these rhyth- 
mical movements as you proceed downstream until you reach the 
pneumotaxic center, when, instead of other movements, panting super- 


venes. Downstream of the pneumotaxic center, just as you get only 
ft, so you get only inhalation or else 


torsion to the right or else to the lef 
exhalation, or only facilitation or else relaxation. Now the interesting 
thing is that these rhythmical movements increase in frequency as you 
increase the voltage of stimulation up to a limiting value of nearly 10 
per second. Above that, you never get them, for hypertonus begins to 
come into the background and stops the movement. i 

This system, whatever else it does, takes a stream of impulses from 
the basal ganglia, which is merely a continuous stream, over more or 
and produces rhythmical performances. Thus, 
whatever makes the rhythm is downstairs; it need not be in the cerebral 
cortex or in the basal ganglia. These rhythmical movements originate 
downstream. By destruction upstream, you may release the same thing. 

DR. LINDSLEY: Dr. Lashley’s discussion of the temporal schema im- 
posed upon the motor system, was of considerable interest to me. I 
don’t know whether the spontaneous rhythms of the cortex have any 
relationship to this temporal schema, but there are a good many sug- 
gestive things that we can pick up in a rather superficial look at cortical 
activity. We can get, through the electroencephalogram, things which 
have been rather impressive to me. No one has been able to demon- 
strate conclusively that any of the cortical rhythms of spontaneous 
character has a direct relationship to the resting tremors of the normal, 
or, for that matter, the neurologically abnormal person, despite the 
fact that their frequencies may þe similar in range. However, in the 
brain waves of new-born infants and even of fetal infants, it is possible 
to demonstrate rhythms, particularly in the motor area of the cortex, 
and they seem to be at least grossly correlated with some of the serial 
and sequential orders of motor activity. The correlation must remain a 
very rough one at the present state, because we have rather inade- 


quate techniques for investigation. 


a maximum less than 


fewer parallel paths 
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The frequency that one finds in the fetus or in the new-born infant 
over the motor areas of the brain is much slower than that in the adult 
stage. Whether this has any relation to the similar lack of sequential 
organization which one finds in these early stages of development, I do 
not know. 

Another thing which has been impressive to me is the nature of the 
frequencies that one records from the central nervous system—the 
multiple or submultiple character of the rhythms one encounters, not 
only as a developmental feature of the maturing brain, but in the ma- 
tured individual when the normal spontaneous rhythm breaks up and 
multiplies itself or divides in half. Just what relationship these changes 
in rhythm bear to actual behavior, again I do not know. 

I have been particularly interested in trying to de 
to help get a better correlation between these superficially observed 
electrical phenomena of the cortex and the behavioral activities of the 
motor system. I find this very difficult to deal with in t 
quential activities which are 


vise experiments 


erms of se- 


continually flowing along. It is very hard 
to devise a system which will do more than sugg 


On the other hand, there are phenomen 
normal and the abnormal individual, wh 
tionship to this serial order. Td like to have Dr. Lashley comment if he 
will on whether the breaks in a sequence may 
to some of the relationships. By this I refer to 
that one encounters, the blocking in the 
blocking in the speech pattern of normal individuals and stutterers, the 
blocking in color naming, and a variety of others. Some of them ( for 
example, in free associations) represent a longer time scale al bik- 
ing, but will do essentially the same thing. I have tried a, Sone Ge 
stances to correlate certain phenomena of the alpha rhythm i ie 
patterns, such phenomena as the blocking of the alpha rhythm. or 111 
out of phase character of the usually synchronized 9 f tl two 
cerebral hemispheres. I found, in some instances, very 5 sti a or- 
relations, but I must confess that the proof that alpha bodies ive * 
out of phaseness in the two hemispheres are related t E aud 

behavior has not yet satisfied me. . o blocking in 

DR. LASHLEY: I have been rather embarrassed by some of the fl . 

remarks made today. I think that here we must also cor ei nate 
ground effects. Boring has pointed out that no mra n er —.— 
until the time is ripe for that progress, and that the indi ia an e 
makes the contribution is a very minor matter, If one des = ua 0 ies 
will very shortly. What I have said today is really scarce] a 8 or 
compilation and summary of the thoughts of the i wa an 


est possible correlates. 
a we encounter both in the 
ich seem to bear some rela- 


not perhaps give us clues 
various types of blocking 
tapping of a motor rhythm, the 
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studied the aphasia problem. I have summarized again a series of 
problems which have confronted the students of aphasia for many 
years, to which Monakow and many others have contributed, Pick 
especially, and I have found their views helpful in considering such 
problems. 

I have also been very much impressed with the similarity of the 
problems with which the behaviorist is confronted, and the problems 
with which the student of embryology must deal. The problem of form 
seems to me to be too similar in the two cases to be altogther due to 
different kinds of mechanisms. 

There have been perhaps too many problems and questions raised 
here for me to attempt to answer them in detail. With regard to Pro- 
fessor Halstead’s remark about the removal of my frontal lobes: In 
fantasy, I have thought perhaps that my most important contribution 
when I reach retirement age would be to have my frontal lobes re- 
moved and see what I could do without them. I have less confidence 
than Dr. Halstead that it would preclude the production of something 
of interest. We have little experimental evidence of intellectual defect 
al of the prefrontal lobes. 


from uncomplicated remove 
The conception of cerebral organization that I have sketched here 
firm simpler hypotheses. At- 


is the result of repeated failures to con 
tempts to trace the course of conditioned reflex arcs or to discover 
the location of the traces of specific habits have been repeatedly un- 
successful. They have revealed areas specialized for different functions, 
but within those areas the parts have proved to be equivalent or equi- 
potential for a great number of functions. Analysis of effective stimuli 
and of adaptive responses has shown that these are not dependent 
upon particular neurons but upon the spatial and temporal relations 
of excitation within shifting fields of nervous activity. Attempts to 
develop theories of neural integration in terms of chemical gradients 
or electrical potentials are difficult or impossible to relate to the es- 


tablished facts of axon conduction, however well they may seem to 


account for the facts of behavior. 
I agree thoroughly with Dr. McCulloch that the transmission of 


excitation by the individual neuron is the basic principle of nervous 
organization. However, the nervous activity underlying any bit of be- 
havior must involve so many neurons that the action of any one cell 
can have little influence upon the whole. I have come to feel that we 
must conceive of nervous activity in terms of the interplay of impulses 


in a network of millions of active cells. 
In perception, in action, and in the preservation of memory traces 


there are systems or anatomic structures whose parts seem to be equi- 
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potential. The equipotential systems of which we have more definite 
knowledge all work by reduplication of elements or parts, of molecular 
or gross mechanical structure. The problem of how a reduplication of 
functional units might arise in the ne 
basic one in neurology. The analogy with wave form and interference 
patterns is an attempt to meet that problem. In wave interference, 
patterns are reduplicated in different parts of the field, and I think 


it likely that nerve impulses, spreading at definite rates through a 
nerve net, may also produce redupl 


icated interference patterns. These 

would make possible the production of structural changes constituting 

memory traces at numerous points throughout the system. Such a con- 

cept is highly speculative, difficult to apply to concrete instances of 

behavior, but is as far as I have been able to go toward a solution of 
the problem of quipotentiality, 

I mentioned briefly the proble 


Tvous system has seemed to me a 


m of the dynamic level of nervous 
activity and the probable role of non-specific facilitation in the pro- 


duction of the shift from internal to Overt speech or in determining 
the availability of memories. There are certainly other variables which 
affect the level of activity: changes in the chemical environment and 
the metabolic activity of the neurons. I believe that many of the 
symptoms following cerebral trauma or disease are due to such wide- 
spread chemical changes, resulting Perhaps from vascular damage, 
rather than to actual destruction of nervous tissue. Aside from sensory 
defects, clinical symptoms more often Suggest changes in dynamic 
level than the loss of specific integrations, 

Dr. Köhler has raised the question of the st 
world around us, I have tried to deal with this in 
space coordinates maintained by the Postural system, The conceptual 
construct of the data obtained by scanning is closely integrated with 
this space system. I confess that I can form no clear picture of the 
actual physical mechanism, 

Dr. McCulloch has given a beautiful 
determination of rhythmic activit 
point of stimulation. I wish th anism were applicable 
to the problems of the syntax of i i hI jae hs ‘dealin? 
but I see no way in which such a simple mechanism a ie to 
account for the more complicated behavior, As for emaileei 
representation of time as a fourth dir g i 


mension: ” 
5 eh A : ay help to con 
ceptualize motion, but the actual functions of t n Arg camied ‘out 


by a three-dimensional system. How is time or temporal order repre- 


sented within the three dimensions? Mathematica] symbolization of 
time as a fourth dimension does not Suggest a clue 


ationary state of the 
terms of the constant 
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I shall first briefly consider certain behavior alterations following 
bilateral removal of the occipital lobes in subhuman primates, more 
particularly, the changes observed in rhesus monkeys. 


FUNCTIONS OF THE OCCIPITAL LOBES 


I shall not describe the techniques I have developed for testing such 
animals (34-37, 40). Nor shall I bother you with the details of the 
experimental analysis. I shall simply point out that such animals in 
which the geniculostriate system has been eliminated have been 
studied for a long time before and after the operations. In some in- 
stances, thirty to forty-five trials per day have been given for more than 
2000 days after the lobectomy. In studying the behavior of the bilateral 
occipital monkey I have been chiefly concerned with analyzing the 
responses of the dark-adapted animal to luminous stimuli differing in 
brightness, area, shape, color, and/or distance from the eye as well as 
the responses to intermittent light stimuli differing in light-dark ratios 
and flash frequencies per second. The results of this laborious analysis 
may be briefly summarized by saying that all or practically all dif- 
ferential reactions of the bilateral occipital monkey to visual stimuli 
can be understood by assuming the effectiveness of differences in the 
density of luminous flux at the eye or, expressed otherwise, differences 
in the quantity of light entering the eye (39, 41, 43). The eye of such 
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an animal behaves like a photocell which merely registers and responds 
to fluctuations in intensity. It is worth noting that very small quantities 
of light are effective. In fact, the absolute threshold was found to lie 
between 4 and 20 micromillilamberts. 

The question may be raised whether the absolute and relative 
thresholds remain constant with the passage of years after removal of 
the striate cortex. In this connection I should like to mention that I 
once gave Dr. Polyak the eyes of an adult rhesus monkey for an ana- 
tomical investigation of the retinae. He kindly undertook a thorough 
histological study of these retinae and reported that the left homony- 
mous halves clearly showed a reduced affinity for the stains employed. 
At the time of this study Dr. Polyak was unaware of the fact that this 
particular monkey had undergone extirpation of the left occipital lobe 
four years previous to death (40). We must, therefore, consider the 
possibility that bilateral occipital lobectomy ultimately leads to very 
minute changes in the whole retina, In view of the possibility of retinal 
changes it will be a matter of considerable importance to determine in 
future studies whether the thresholds remain constant with the passage 
of time. On the basis of preliminary investigations I can merely say 


that very marked changes in absolute threshold values have not been 


found during a period of twelve years following removal of the striate 
cortex. 


Our formulation that the bilateral occipital monkey is able to re- 
spond only to differences in the amounts of light falling on the retina 
implies that all visual functions are affected by eliminating the genic- 
ulostriate system. It does not imply that some visual functions are 
eliminated or seriously disturbed while others are left intact. Since 
visuospatial stimulus properties are no longer effective in determining 
en es beben ler or. differently expressed, since visual space 
with its dimensions is completely or almost completel n el it 
appears at first puzzling that the bilateral Occipital se 18 92 Sable 
of responding to differences in position even when the ndi 4 A ok 
taneously and continuously present. However, an experim tal analy- 
sis of this differential behavior leads to the conclusion th ra ae 
taneity of different visual stimuli in Space is translated int ee ssion 
of different quantities of light received by the . vs — he 
successively different positions in space. The fact ced ies E 
in the quantity of light are effective has a positive sid y a 375 8 
that the bilateral occipital monkey can make S 115 3 
perform responses which the normal monkey 888101 eee 5 T . 
perform. Except under special conditions, the normal a 0 > 5 5 
respond to the visual stimuli of the external world on ite N a 
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ferences in the density of luminous flux reaching the eye. For the nor- 
mal animal the external world is structured in terms of objects with 
properties which stay put, that is, such properties as brightness, size, 
shape, and color. 

Let us consider for a moment a normal monkey with an intact 
geniculostriate system. In numerous experimental situations involving 
the presentation of visual stimuli, I have found that for such a monkey 
the size of a visual object remains approximately constant despite 
marked changes in brightness, color, shape, position, and illumination 
(35). More generally speaking, size, brightness, color, shape, and cer- 
tain other properties of visual objects are, within wide limits, not 
affected by numerous changes in the stimulus constellation. The in- 
tactness of the geniculostriate system, therefore, guarantees an approxi- 


mate constancy of the objects and their interrelations in the external 


visual environment. 
To illustrate what it means that certain properties of the objects of 


the external environment remain stable, let me refer to a squirrel mon- 
key (with about 22 grams of brain) which, in some experiments about 
14 years ago, faced the external world in my laboratory and dis- 
covered that, in order to eat, it must learn to choose one of two 
objects presented. It must choose a yellow object in the presence of a 
green one, it must choose green in the presence of red, red in the 
presence of blue, and blue in the presence of yellow. When the yellow- 
green, green-red, red-blue, and blue-yellow color pairs were presented 
in chance order, the monkey made the correct choices without great 
difficulty and consequently was able to eat and live. How is such a 
performance possible? There is strong evidence that the squirrel mon- 
key has, as we say, color vision. And having color vision implies the 
approximate constancy of “hues” in the presence of variations in area, 
shape, brightness, distance, illumination, etc. If a certain property of 
an object, such as hue, stays put it may serve as a point of departure 
for diverse behavioral reactions, including “thinking.” The squirrel 
monkey is, in effect, able to say: If a, then b; if c, then not a; ete. I 
have shown that destruction of the striate cortex in rhesus monkeys 
produces loss of color vision. In determining the effectiveness of dif- 
ferent portions of the spectrum I have obtained relative effectiveness 
curves similar to the scotopic luminosity curve of the human eye, but 
the approximate constancy of hue in the presence of numerous varia- 
tions has disappeared in such animals. 
Physiologists have rightly insisted that the or; 
fall back on numerous mechanisms which guarantee an approximate 
constancy of the internal environment. Such mechanisms serve, for in- 


ganism is able to 
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stance, to maintain what has been called the 
blood. Analysis of the functions of the occipita 
conclude that the intactness of the ge 
organism to fall back on mechanisms v 
constancy of the external environment. I submit that the Harvard em- 
phasis on a homeostasis in the milieu interne should be counterbal- 
anced by a Chicago emphasis on a homeostasis in the milieu externe. 
If, in the absence of the geniculostriate system, the animal is forced to 
fall back on functions mediated by the retina and certain subcortical 
structures of the “visual sector” of the central nervous system, it 
finds itself at the mercy of ever-changing energy fluctuations in the 
external environment because of a practically complete loss of visual 
isofunctions. Since the remarkable degree of “freedom” from fluctua- 
tions in the visual milieu enjoyed by the normal animal is linked up 
with the existence of the Seniculostriate system, it is not surprising that 
an elimination of this system has particularly serious consequences for 
“optoid” animals, such as primates. In primates, the systema nervorum 
pro mundo deals with a “world” built up chiefly via the visual route. 
In closing my discussion of the functions of the occipital lobes I wish 
to say that I have aimed at formulating broad generalizations. I believe, 


oo that these Seneralizations are warranted by experimental 
results. 


“isochemistry” of the 
l lobes has led me to 
niculostriate system enables the 
vhich guarantee an approximate 


FUNCTIONS OF THE TEMPORAL LOBES 
Let us now turn to some be 


havior changes which 
the most striking behavior ch 


anges ever produced by a brain operation 
in animals. These are the behavior changes which appear in sexually 
mature rhesus monkeys after bilateral removal of the temporal lobes, 
including most of the uncus and hippocampus, In na ee the 
relation between animal and externa] environment, the somewhat over- 
simplified and paradoxical statement may be made that e of 

nges the environment while removal of 
the temporal lobes only changes the animal. About twenty-five years 
ago, Spitzer (76), in discussing the anatomy and 8 5 of the 
vestibular system, made the distinction €n an idiotro . 
system concerned with interrelating im i 


probably represent 


ating the organism as a 
r insisted that 
idiotropic zones. 
netions are more 
ar nuclei. In Spitzer’s 


101 5 opio fu 
laterally situated than the idiotropic vestibul 
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terms, therefore, it might be said that the occipital lobes are associated 
with oikotropic functions whereas the temporal lobes are associated 
with idiotropic functions. 

Leaving aside formulations of such general nature, I shall now 
turn to the behavior alterations observed in the bilateral temporal 
monkey. The various changes following bilateral temporal lobectomy 
in macaques have been studied in collaboration with Dr. P. C. Bucy. 
Since the results of these experiments have been previously published 
(49-52) I shall confine myself to a brief description of the outstanding 
symptoms. 

(1) We observe, first of all, forms of behavior which appear to 
indicate a “psychic blindness” or visual agnosia in the sense that the 
ability to recognize and detect the meaning of objects on the basis of 
visual criteria alone seems to be lost although the animal exhibits no 
or at least no gross defects in the ability to discriminate visually. 
There is a strong tendency to approach every animate and inanimate 
object without hesitation, even objects which previous to the operation 
called forth extreme excitement, avoidance reactions, and other forms 
of emotional response. When various edible and inedible objects are 
presented at the same time, the caged-in monkey, even when hungry, 
picks up all objects indiscriminately. After an oral examination the 
inedible objects, such as a steel nut, a piece of glass, a wad of tin foil, 
feces, a live mouse, or a piece of cloth, are discarded while the edible 
objects are consumed. The animal may examine the tongue of a hissing 
snake, the eyebrows of a human being, a screw driver, or the outlines 
of a figure drawn on paper as eagerly and as carefully as a piece of 
food. 

(2) There are strong oral tendencies in the sense that the monkey 
insists on examining, all objects by mouth. Such an oral examination 
consists in putting the object into the mouth, licking, biting gently, 
chewing, touching with the lips, and “smelling” by holding the object 
before the nostrils. We also observe oral tendencies when the animal, 
free in a room, tends to touch various objects directly by mouth 
instead of using its hands. The monkey even tends to examine orally 
objects which have previously acquired “meaning” through training, 
such as a cardboard circle signaling the presence of food in a certain 
location. 

(3) There is an excessive tendency to attend and react to every 
visual stimulus. The monkey behaves as if forced, under the influence 
of some “irresistible” impulse, to contact all objects in sight. In other 
words, we find, to use Wernicke’s terms, a “hypermetamorphosis” 
and a “hypermetamorphic impulse to action.” Seeing an object and 
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performing the necessary motor reactions for touching it seem to be 
a continuous process. 

(4) There are profound changes in emotional behavior, and there 
may even be a complete loss of emotional response 
such forms of motor and vocal behavior as are associated with anger 
and fear in the rhesus monkey are not exhibited. The very fact that the 
animal approaches and touches every object, whether it be a stranger, 
a cat, a dog, a snake, or an inanimate object, must be considered a 
striking deviation from normal behavior. The monkey even approaches 
and tries to touch another monkey which has just attacked and injured 
it. All expressions of emotions, such as “chattering” and various facial 
expressions, may be completely lost, 

(5) There is a striking 


s in the sense that 


increase in the amount and diversity of 
sexual behavior. The animal appears hypersexed not only when caged 
with other animals, but also when alone. It exhibits forms of auto- 
sexual, heterosexual, and homosexual behavior rarely or never seen in 
normal monkeys. One animal, an adult Guinea baboon, had to be 
killed because of the serious nature of self-inflicted injuries brought 
about by again and again biting its Penis and legs. Even a pseudo- 
hermaphrodite exhibited an intensification of sexual responses. It is to 
be noted that our observations on changes in sexual activity are 
chiefly based on males, 

(6) There occurs a remarkable change in dietary habits manifest- 
ing itself in the tendency to consume large quantities of ham, bacon, 
boiled tongue, ground beef, broiled lamb chops, smoked whitefish, 
and other kinds of meat offered, 

This, in brief, is the complex picture of behavior alterations follow- 
ing bilateral temporal lobectomy. Let us now return for a moment to 
the heroic age of cerebral physiology, for instance, to the year 1888, 
that is, to a period in which the “isms,” “schools,” and 57 varieties of 
psychology” were still a matter of the future, and let us see how it is 
possible to describe the behavior of a bilateral temporal monkey in 
plain English. After a rather thorough study of the behavior changes 
following removal of the temporal lobes 1 could not reconcile myself 
to the fact that such changes had never been reported by previous 
investigators although temporal lobes had been removed e 
animals, including monkeys, in numerous Physiological laboratories 
in Europe as well as in this country. I searched the world literature 
again and was rewarded by finding that Sanger Brown (who later 
became the first president of the Chicago Neurological Society) and 
E. A. Schiifer, professor of physiology in University College London, 
had seen, more than half a century ago, two monkeys exhibiting 
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essentially the same symptoms I have described. These two monkeys 
are monkeys VI and XII referred to in the paper, “An Investigation 
into the Functions of the Occipital and Temporal Lobes of the Mon- 
key’s Brain” (8). And this is the way Sanger Brown and Schiifer 
described in 1888 the behavior alterations following removal of both 
temporal lobes from their monkey VI (“a fine, large, active” male 


rhesus monkey): 


A remarkable change is . .. manifested in the disposition of the 
Monkey. Prior to the operations he was very wild and even fierce, assault- 
ing any person who teased or tried to handle him. Now he voluntarily 
approaches all persons indifferently, allows himself to be handled, or 
even to be teased or slapped, without making any attempt at retaliation 
or endeavouring to escape. His memory and intelligence seem deficient. 
He gives evidence of hearing, seeing, and of the possession of his senses 
ally, but it is clear that he no longer clearly understands the mean- 
ing of the sounds, sights, and other impressions that reach him, Every 
object with which he comes in contact, even those with which he was 
previously most familiar, appears strange and is investigated with curiosity. 
Everything he endeavours to feel, taste, and smell, and to carefully ex- 
amine from every point of view. This is the case not only with inanimate 
objects, but also with persons and with his fellow Monkeys. And even after 
having examined an object in this way with the utmost care and delibera- 
tion, he will, on again coming across the same object accidentally even 
a few minutes afterwards, go through exactly the same process, as if he 
forgotten his previous experiments. His food is devoured 
ad being dipped into the dish, instead of the food being 
mouth by the hands in the way usual with Monkeys. 


gener 


had entirely 

greedily, the he 

conveyed to the 

It is evident that the observations of Sanger Brown and Schiifer 
agree fully with ours, particularly with reference to the picture of 
psychic blindness, the oral tendencies, the hypermetamorphosis,” and 
the striking changes in emotional behavior. Although there is a 
striking agreement as regards the description of the symptoms, I 
cannot agree with the interpretation of the authors that these symp- 
toms are indicative of a condition resembling “general idiocy.” 
However, anyone who has ever seen the truly remarkable behavior 
changes following bilateral temporal lobectomy will not be surprised 
to learn that Sanger Brown and Schäfer felt called upon to demon- 
strate their two monkeys before various scientific societies (8, 69). 
In fact, these “two animals were exhibited to the Neurological Society, 
and a Committee of that Society was appointed to examine them” (69). 
As regards the lesions that produced these changes in behavior, 
David Ferrier expressed the opinion that Schiifer’s published diagrams 
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of the brains of these monkeys “must be regarded more as a sort of 
pictorial representation of his own idea, or wish, as to the extent of the 
lesions, rather than of the reality” (22). Schiifer, who had claimed, 


Ficure al view of the left hemisphere of brain of Case 1 (rhesus 


monkey). 


Ficure 2. Lateral view of the right hemisphere 


of brain of Case rhesus 
monkey). Case 1 ( 


for instance, that he removed “the whole of the 
lobe, including the hippocampus,” on both sides was fortunately able 
to publish photographs of these brains. It iy odin a y 5 vee 
photographs (70) that the bilateral lesions, for example a 1 be 
were comparable in extent to the lesions produced in 0 AA 


temporosphenoidal 


animals. 
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For a better understanding of the behavior alterations in our 
monkeys it is necessary to have detailed information not only on the 
extent of the lesions, but also on the tracts and nuclear structures 
that have subsequently undergone degeneration. I shall briefly indi- 
cate, therefore, the anatomical changes secondary to bilateral temporal 
lobectomy by referring to the results obtained in studying the brain 


Ficure 3. Coronal section through left hemisphere. Weil stain. 
of the first animal in our experimental series [Case 1 in (52)]. This 
animal was killed 22 months after removal of the temporal lobes. 
Figures 1 and 2 show photographs of the brain taken from the left 
and the right side. Since the lesions were almost symmetrical, photo- 
micrographs of representative sections from only one of the hemi- 
spheres are shown in Figures 3 to 9. The anatomical findings may be 
summarized as follows (9): 
(1) Both temporal lobes are removed. The line of extirpation 
extends posteriorly along the lower border of the Sylvian fissure to a 
point just posterior to the lower end of the fissure of Rolando 
(Figure 3). Here it turns ventrally to cut across the first and second 
temporal convolutions. As regards the rhinencephalon, only a fragment 
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Ficure 4. Photomicrograph from 


a coronal section 
iolet stain, * 25. 


through left hemisphere. 
Cresyl y; 


7 
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of the right amygdala and the most posterior part of the hippocampal 
formation are preserved. 

(2) The frontotemporal fibers forming the uncinate fasciculus 
(Figure 3) and a temporo-olfactory bundle are degenerated. The 
latter, after passing medially beneath the putamen and the caudate 
nucleus, crosses in the rostrum of the corpus callosum to the olfactory 
trigone of the opposite hemisphere. The degenerated tracts passing 
upward from the plane of amputation in the capsula extrema are 
clearly outlined by gliosis in Figure 4. 

(3) There is a degeneration of fibers passing into the remaining 
parts of the first (Figure 6) and second temporal gyri. Fibers passing 
from the temporal lobe upward into the posterior frontal and parietal 
areas and backward into the occipital region are also degenerated 
although to a less marked degree. 

(4) There are two large groups of degenerated fibers, one of which 
passes to the posterior part of the cingulum and the other through 
the posterior part of the corpus callosum to the opposite hemisphere. 
Figure 6 shows a bundle of demyelinated fibers passing dorsomedially 
from the corona radiata over the lateral ventricle into the cingulum. 
It also shows a bundle of demyelinated fibers in the ventral one-third 


of the corpus callosum. 
(5) The anterior commissur' 
an extremely small ventral bundle (Figure 5). 
(6) A small ventral part of the corticotectal system passing from 
Brodmann’s field 19 to the superior colliculus is degenerated. The 
7 indicates the position of 


e is completely degenerated except for 


small region of gliosis visible in Figure 
the degenerated corticotectal fibers. 

(7) A rather large tract terminating in the substantia nigra is 
d. In Figure 9 this tract can be seen passing through the 


degenerate 
he putamen and curving over the lateral 


damaged ventral portion of t 


geniculate body. 
(8) A large bundle of fibers known as the temporopulvinar or 


Arnold’s bundle is degenerated. Figure 7 shows the marked gliosis of 
this bundle in the ventral part of the inferior nucleus of the pulvinar. 
(9) The hippocampal formation is extensively removed. Only 
small remnants of the posterior part of this formation are preserved on 
Figure 8). As a result the fornix is 


the left (Figure 7) and the right ( 
extensively degenerated (Figures 5, 6, and 8). Figure 5 shows the 


demyelinization of the lateral three-fifths of the body of the fornix 


just at the beginning of the columns. 
(10) The portion of the tail of the caudate nucleus which lies in 


the temporal lobe is extirpated. There is a partial degeneration of 
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the stria terminalis (Figure 8). In addition, a small part of the 
posteroventral putamen is damaged. 


Ficure 5. 


Photomicrograph from a coronal section through re tion of the anterior 
commissure. Weil stain. x 15 BORO ENE. 


(11) In the thalamus, cellular degeneration is confined to 1 
part of the inferior nucleus of the pulvinar and to the ee tips 
of the medial and lateral nuclei of the pulvinar (Figure 8) 

(12) In the visual system, a small portion of the fi pane Awe 
of the visual radiation on the left side js interrupted, Fons 
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from a coronal section through left hemisphere 


Ficure 6. Photomicrograph 
Weil stain. x7. 
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there is a small area of retrograde degeneration in the ventrolateral 
part of the lateral geniculate body (Figures 6 and 9). Destruction of 
the ventral fibers of the visual radiation on the right side is somewhat 
more extensive, resulting in a correspondingly larger area of retrograde 


Ficure 7. Photomicrograph from 


a coronal section throu 
Cresyl violet stain, N. II. 


Sh left hemisphere. 


degeneration in the lateral geniculate bo, 
retrograde cellular degeneration is pre 
the medial geniculate bodies. 

It should be remarked that the 
brains in our series has not disclos 
from those reported here. 


dy. In the auditory system, 
sent in the Posterior tips of 
anatomical study of 


å À additional 
e findings essentially different 
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from a coronal section through right hemisphere. 


Ficure 8. Photomicrograph 
Cresyl violet stain. x 15. 
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Our brief summary raises the question as to how the complex 
picture of behavior alterations is related to the equally complex 
picture of anatomical alterations in the brain. It is not possible at 
this point to go into further details of our experimental analysis of the 
behavior changes. Nor is it possible to discuss the interesting changes 
in symptomatology with the passage of time or the role of such factors 
as age, sex, and species. It seems tempting to reduce the complexity on 
the behavior side by considering the polysymptomatic picture as an 
expression of a disturbance in some one fundamental mechanism. 
For instance, it may be argued that the factor underlying the variety 
anifestations is represented by an excessively strong 


of behavioral m 
t in sight, no matter 


tendency to approach and touch every objec 
what its character. The tendency to approach, attack, touch, or imbibe 
cts of the external world has frequently been contrasted by 
students of animal behavior with the tendency to retreat, avoidance or 

hat von Monakow (56) insisted on a similar 


flight. It is of interest t 
distinction by introducing isis and ekklisis as fundamental tendencies 


operative in behavior. To refer all symptoms following removal of 
the temporal lobes to a loss of von Monakow’s ekklisis, however, is 
obviously an oversimplification. The experimental data available at 
the present time rather suggest that the symptoms involve hetero- 
geneous mechanisms which happen to be thrown into action at the 
same time when certain anatomical structures and their connections 


are damaged or eliminated. 

In considering the complex picture of anatomical changes it is 
difficult to say how particular changes, such as the degeneration of 
temporo-olfactory fibers or of Arnold’s bundle, are related to particular 
behavior alterations. The fact that the temporal neocortex, with excep- 
tion of the auditory koniocortex, is the only portion of the cerebral 
cortex which receives few, if any, afferent impulses from the thalamus 
(80-82) is no doubt functionally significant, but it is of little help in 
trying to understand why an elimination of the whole temporal lobe 
should produce the observed behavior alterations. By studying the 
effects of bilateral removal of portions of the temporal lobes and the 
effects of variously situated lesions in other parts of the cortex, 
Dr. Bucy and I have attempted to determine the minimal lesion 
necessary for producing the behavior changes. Although these experi- 
ments have not led to definite conclusions, they strongly suggest that 
the hippocampal formation and its connections play an important 
role in the production of the symptoms. It is pertinent to mention at 


this point the interesting hypothesis advanced by Papez (61) “that 


the hippocampus participates in some important way in the central 


obje 
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production of the emotive process,” more specifically, “that the 
hypothalamus, the anterior thalamic nuclei, the gyrus cinguli, the 
hippocampus and their interconnections constitute a harmonious 
mechanism which may elaborate the functions of central emotion, as 
well as participate in emotional expression.” Papez finds no evidence 
to support the view that these anatomical structures mediate olfactory 
function, and Brodal (6), in a recent anatomical study, reaches 
essentially the same conclusion in discussing the relation of the hippo- 
campus to the sense of smell. Furthermore, Kleist (32) independently 
advanced a hypothesis similar to that of Papez on the basis of clinical 
observations, except that he included the frontal Orbitalhirn in his 
anatomical circuit. Guided by the hypotheses formulated by Papez and 
Kleist, future experimenters may profitably direct their work toward 
determining whether interruptions of these anatomical circuits at 
various points by appropriate lesions are equivalent in producing 
the same picture of behavior alterations. At present there is no 
evidence that the entire picture of behavior changes can be pro- 
duced except by bilateral removal of both temporal lobes, including 
the nuclei of the amygdala, the uncus, and almost the entire 
hippocampus. However, it has been reported that some of the 
symptoms, at least in an attenuated form, may appear after removing 
the rostral cingular gyrus (71, 84). Various investigations have 
thrown new light on the functions mediated by the cingular gyrus 
as well as by other structures involved in Papez anatomical circuit 
(1-5, 59, 60, 64, 68, 72, 73, 83, 88). We still have no detailed informa- 
tion on the behavioral effects produced in monkeys by an isolated 
removal of the entire hippocampus on both sides. Our own experi- 
ments merely indicate that partial removal of this region leads to 4 
transitory appearance of some of the symptoms. 

The question may be raised whether the whole picture of behavior 
changes following extirpation of the temporal lobes can be adequately 
understood simply by considering the destruction of certain fiber 


tracts and nuclear structures in the brain. For example, the tendency 
to consume animal foods is probably not th, : 
in gustatory sensitivity, but involves entir 
mechanisms. In experiments performed b 
(10), the right temporal lobe of dogs was retracted after making 
cranial and dural openings, and the hypophysis and the base of the 
brain were exposed to view for one minute or less. This procedure 
led to a marked increase in sensitivity to insulin. In fact, in one of the 


dogs a 46 per cent reduction in blood sugar could be produced even 


— 


Heinrich Klüver 165 


three months after the operation by injecting 46 unit of insulin 
per kilogram of body weight. These findings suggest the possibility 
that the extensive removal and subsequent degeneration of tracts 
and structures in our monkeys, particularly of the rhinencephalon, 
have affected hypothalamico-hypophyseal interrelations with resulting 
disturbances in hypophyseal function. Disturbances in carbohydrate 
metabolism and in other functions referable to the hypophysis or to 
hypothalamico-hypophyseal mechanisms may thus produce some of 
the behavior alterations seen in our monkeys. Eating meat may simply 
represent one of the behavior regulations concerned with maintaining 
a constant internal environment. The frequent occurrence and diversity 
of such behavior regulations has been demonstrated by Richter (65) 
in numerous experiments on the self-selection of diets. In a somewhat 
similar manner, the striking hypersexed behavior may be related to 
changes in the hormone production of the anterior pituitary. In future 
studies, the daily urinary excretion of androgens and estrogens should 
be of interest. It is probably significant that one of the females in our 
series exhibited irregularities in menstruation from the time the 
temporal lobes were removed until the time of death. Her prefrontal 
ad been removed in previous operations. When the animal died 
six years and nine months after the extirpation of the temporal lobes 
the necropsy revealed old and new hemorrhages and extensive ad- 
hesions in the abdominal cavity. Microscopical study of the uterus, 
Fallopian tubes, and ovaries disclosed an endometriosis. This is prob- 
ably the first case of an endometriosis in a laboratory monkey. At 
a time when thousands of human patients are about to be lobectomized, 
lobotomized, and gyrectomized, the possibility should be kept in 
mind that surgical procedures on the brain may initiate processes 
which lead to extracerebral pathology one-fourth of a lifetime later, 
particularly if such procedures have affected conditions in or projec- 


tions to the hypothalamic area (55, 57, 85). At any rate, there is 
from the work of Ranson and collaborators (7, 


lobes h 


abundant evidence i $ 
16-20, 54) that direct injury of the hypothalamic region in female 


guinea pigs may produce disturbances in reproductive functions and 
sexual activity as well as changes in the uterus and ovaries. By way 
of interpreting such facts, these investigators have found it necessary 
to consider not only the destruction of neural structures, but also the 
effects of “ovarian or anterior pituitary hormonal imbalances” associ- 
ated with hypothalamic injuries. In the opinion of Dey (17), the final 
explanation for the hypophyseal dysfunction following hypothalamic 
lesions must await further experimentation. 
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BEHAVIOR WITH REFERENCE TO STRUCTURAL AND 
STIMULUS FACTORS 


Numerous studies concerned with the relation between rae 
mechanisms and behavior mechanisms confine themselves to ne 
the occurrence or non-occurrence of behavior changes to the inet 
or absence of lesions in the brain. Our analysis, particularly of t 
behavior changes following removal of the t 
doubt on the assumption that behavior 
fully understood by merely conside: 
in the brain. In trying to interpret ¢ ital 
found it necessary, for example, to discuss the role of extracere 
mechanisms. Since in many attempts at correlating brain mechanisms 
and behavior mechanisms “a parallelism is still credited,” as dag 
(87) has expressed it, “which is not only psycho-physical, but i 5 
psycho-histological,” it becomes imperative to discuss behavior i 


i š . roader 
relation to cerebral and extracerebral mechanisms from a broa 
point of view. 


Specific correlations often see 
particular lesions or particul 


emporal lobes, has thrown 
al manifestations can always he 
ring the destruction of structures 
ur experimental findings we have 


m warranted in view of the fact that 
ar structures are found to be associated 
with certain forms of behavior observed when the organism is eet 
to particular stimuli, whether they be environmental stimuli, siema 
agents, or other stimuli. However, a more detailed experimenta 
analysis often provides little or no Support for such specific correlations. 
In the following I shall try to show why past attempts to establish 
such specific correlations have frequently met with failure. With this 
aim in view I shall first refer to certain experimental studies concerned 
with an analysis of the mechanisms involved in the “experimental 
catatonia” produced by bulbocapnine, 

In presenting a summary of previous work, Fe 
(21) pointed out in 1932 that “most of the authors have concluded that 
the neocortex appears to be essential to the manifestation of typical 
catalepsy. . . . In fact, they found that previous investigators had 
particularly emphasized the importance of the motor cortex in the 
development of the symptoms. In their own work, Ferraro and Barrera 
attempted to find “some central or peripheral nervous system lesion 
which might substantially influence or abolish the action of the 
drug. . . . They performed sixteen different operations on monkeys 
and cats, including splittings of the mesencephalon, cutting of the 
dorsal and ventral roots, removal of the abdominal sympathetic chain, 
and bilateral stellate ganglionectomy, None of these Je. 
the occurrence of cataleptic manifestations under the 


-rera 
rraro and Barreres 


sions prevented 
action of bulbo- 
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capnine. They were thus led to the generalization that the action of 
bulbocapnine “involves contemporaneously the central nervous struc- 
tures, the peripheral nervous structures, and possibly, the muscular 
structures themselves.” As regards the muscular structures, they sug- 
gested an involvement of the sarcoplasm of the muscle fibers. It seems, 
indeed, a far cry from the assertion that the neocortex or, perhaps, 
only the motor cortex is an essential factor in the production of 
catalepsy to the assertion that the whole nervous system and possibly 
the sarcoplasm of the muscle fibers are involved. Ferraro and Barrera 
finally concluded that “any theory based upon a localized center for 
the production of catalepsy by bulbocapnine will be erroneous in its 
deductions.” I am not concerned here with evaluating the various 
results obtained in studying catalepsy in animals, but merely with 
demonstrating why attempts at correlating particular behavior mani- 
festations with specific structures may fail. They often fail because 
more extensive experimentation does not provide evidence for a 
specificity on the structural side. 

Let us now turn to the stimulus side, that is, to the chemical agent 
producing the cataleptic manifestations. In the course of his studies 
on the action of bulbocapnine, de Jong discovered that other sub- 
stances, including epinephrine and acetylcholine (13, 58), also produce 
catalepsy in animals. He concluded that there may be a chemical 
“catatonizing nucleus.” In the meantime, further experimentation 
has led to the discovery of even more chemical agents capable of 
producing cataleptic manifestations, but it has not disclosed the 
existence of a chemical “catatonizing nucleus” (14). It seems, then, 
that long-continued research may also fail in defining specificities on 
the stimulus side, that is, in locating the particular stimulus property 
or set of properties effective in producing a given form of behavior. 

The fact that heterogeneous stimuli, such as, for instance, different 
may produce the same or similar effects raises 
questions which are of fundamental importance for a scientific analysis 
of behavior. It is true that various biochemical and pharmacological 
established certain correlations between physio- 


chemical agents, 


investigations have sibs 55 5 
logical activity and the chemical constitution of inorganic and organic 


substances (23). It can be shown, for example, that certain similarities 
in the physiological effects of epinephrine and related compounds are 
correlated with certain similarities in the chemical constitution of 
these compounds (26). It can also be shown that similar behavioral 
effects may be produced by the action of chemically similar substances. 
In studying the effects of mescaline (3, 4, 5-trimethoxyphenethylamine ) 
in monkeys, I observed that this drug produces a characteristic “oral 
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syndrome” consisting of movements of the lips, tongue, and jaws and 
involving peculiar licking and chewing movements. I found that the 
same or similar symptoms are also produced by 3, 4-dimethoxyphen- 
ethylamine, 3, 4-diethoxyphenethylamine, 3, 4-methylenedioxyphen- 
ethylamine, z-methylphenethylamine, phenethylamine, tyramine, 
ephedrine, cobefrine, benzylamine, and aniline. It seems, therefore, that 
the production of similar “oral syndromes” can be correlated with cer- 
tain similarities in the chemical structure of the compounds. However, 
further research revealed that similar syndromes can also be produced 
by pentobarbital sodium and apomorphine. 

The fact that chemically dissimil 
mescaline effects can be e 
psychic sphere. It is chie 


ar substances may produce typical 
ven more strikingly demonstrated in the 
fly because of its remarkable psychological 
effects that mescaline has become a research tool in the hands of 
psychiatrists. It produces not only certain types of hallucinations, but 
also characteristic changes in different sense fields and certain altera- 
tions in thinking and affectivity (33, 42). There is no definite evidence 
from our own observations or the literature th 


at the train of phenomena 
induced by mescaline can be du 


plicated by administering substances 
which are chemically closely related to this drug. It is of great interest 
that such a duplication in psychological effects can apparently be ob- 
tained by employing one of the ergot derivatives, namely, d-lysergic 
acid diethylamide. Even the oral administration of 30 micrograms o 
this substance produces such strikingly similar symptoms that the sub- 
ject, as Stoll (77) points out, uses “literally the same figures of speech 
and expressions” in describing his experiences as a mescalinized person. 

While a psychologist may want to know why substances as different 
as mescaline and d-lysergic acid diethylamide produce the same 
complex picture of psychic alterations, a pharmacologist may enquire 
why harmine and quinine produce the Same syndrome of ph siological 
effects. Gunn (25), who discovered that the harmine a quinine 
groups of alkaloids act similarly on Protozoa and on auch different 
tissues as heart, uterus, voluntary muscle, and central nervous system, 
raised the question how “a common Sroup of effects” can be produced 
“by two molecules which have (apparently) nothing in en, 


Similar questions arise when a neuroanatomist finds that traumatic, 
circulatory, toxic, and infectious processe: 


S produce the gs kind of 
F 5 same kind 
lesion. Spielmeyer (75) was, therefore, greatly concerned with de- 
termining why “fundamentally different diseases” and “very diverse 
noxious factors” may produce the same 


histological changes in the 
central nervous system. 


The various observations cited here from different fields furnish 
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examples of what I have called an “equivalence of stimuli” (35, 38). 
Since heterogeneous stimuli, such as diverse chemical substances, 
disease processes, or sensory stimuli, often produce the same series of 
effects, it becomes obviously necessary to account for such an equiva- 
lence of stimuli by specifying the set of properties or the common 
factor involved in producing the same effect. Unfortunately, the 
properties apt to account for an equivalence of heterogeneous stimuli 
have seldom been adequately defined. Although the specification of 
the factors underlying particular forms of equivalence is of paramount 
importance for the study of behavior, most attempts along such lines 
have either failed or merely succeeded in characterizing such factors 
in a very general fashion. As previously mentioned, all attempts to 
find a chemical ’catatonizing nucleus” to account for the equivalence 
of diverse chemical agents capable of producing experimental cata- 
lepsy in animals have met with failure. To account for the equivalence 
of harmine and quinine in producing the same syndrome of physio- 
logical effects, Gunn (25) postulated “a common chemical factor in 
the tissues acted upon,” although he considered the possibility of a 
“concealed” chemical similarity between the two molecules. To account 
for the equivalence of diverse noxious factors in producing the same 
damage in the nervous system, Spielmeyer (75) had recourse to 
common pathophysiological mechanisms. It seems, then, that there 
is no lack of general theories or vague hypotheses purporting to 
account for particular forms of equivalence. As regards the equiva- 
lence of different chemical agents, the effects observed are often of 
such a nature that the investigator abandons all hope of explaining 
the results on a chemical basis. For example, Degkwitz (12) concluded 
that any explanation ignoring physical properties is totally inadequate 
when confronted with the fact that about 480 molecules of irradiated 
ergosterol for every cell of the body cure rickets in a rat within 8 days. 
Fränkel (23) insisted that any theory taking into consideration only 
one set of factors in explaining physiological effects, whether they 
emical factors, must be “wrecked by the multiplicity 


be physical or chi ; i 
among different chemical substances and different 


of interrelations” 
tissues. 

Facts of equ 
studied along pathologica 


ivalence come to light not only when the organism is 
1, physiological, biochemical, and anatomical 
lines, but also when behavioral and psychological reactions are 
analyzed. Not only do heterogeneous stimuli often produce the same 
behavioral effect, but the same stimulus may be dealt with by diverse 
actions and reactions. We find such facts of equivalence on all levels 
of behavior, ranging from reflexes to the most complex reactions of 
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1 1 Peer: rs 
normal and abnormal personality. In attempting to specify the eek 
responsible for particular forms of equivalence, I have usually only 
succeeded in defining such factors neg 


gatively. In other words, I hava 
often been able to eliminate one factor after another by demonstrating 


that various common properties or sets of properties found in a given 
group of equivalent stimuli play no role in bringing about the same 
behavior (35). 

How extremely difficult it may 
of equivalence not only in the 
fields, may be illustrated by 


be to cope theoretically with facts 
field of behavior, but also in other 
Speransky’s finding (74) that “rabies, 
a sore on the tuber cinereum produced by a glass sphere, irritation of 
any branch of the n. trigeminus by croton oil, injection of formalin 
into the pulp cavity of a tooth or of bile into the upper cervical 
ganglion, introduction of foreign protein or various vaccines into the 
blood, poisoning by salts of the heavy metals, e.g., corrosive sublimate, 
etc.—all these are capable of producing, in a number of organs, changes 
that are absolutely constant and so much alike that it is impossible t0 


distinguish them from one another” Assuming that the facts are as 
reported by Speransky, we have here an equivalence of such diverse 
stimuli that any attempt 


to seek a common factor in the properties of 
the stimuli employed must seem futile. It appears obvious that the 
effects observed are not related to a Property common to such different 
agents as a glass sphere, corrosive sublimate, and rabies virus- 
Speransky is undoubtedly right in concluding that we must look for 


“constant features which do not depend on the properties of the 
irritating agent. ? This mes 


ans, then, 
equivalence which e 


annot be satisfactorily 
to the properties of the stimuli employed. I 


stimulation or irritation produces the 
must be located in the re 
within the organism. 

Our discussion so far has dealt with some of the complex problems 
that may arise in attempting to relate brain mechanisms and behavior 
mechanisms. We have shown that a detailed experimental analysis of 
these interrelations may force us to consider, on the one hand, not 
only cerebral mechanisms, but also such extracercbral factors as 
Processes and conditions in other organs and systems and. on the 
other hand, not only the various Properties of the stimuli and agents 
which happen to be employed in influencing behavior, burak the 
thes. It is clear that we must 
the Proper basis for correlat- 


that there are forms o 
understood by reference 
f practically any form of 
same effect, the constant factors 
action systems, processes, and conditions 


nature of the behaviorally effective prope 
rely on future experimentation to furnish 
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ing brain and behavior mechanisms by specifying more adequately the 
structural and stimulus factors involved in such correlations. 


BEHAVIOR WITH REFERENCE TO EXTRACEREBRAL MECHANISMS 


Finally, I shall discuss some of the baffling problems that arise 
when dealing with forms and alterations of behavior which apparently 
can be understood only by assuming that conditions in the extra- 
cerebral environment exert an influence on the brain although the 
manner in which such an influence is exerted remains obscure. There 
is abundant evidence from anatomical, physiological, biochemical, 
and pathological investigations that various extracerebral factors 
influence the brain and thus become instrumental in bringing about 
behavior alterations (67). However, problems of particular interest 
arise when dealing with the exchange of substances between the blood 
and central nervous system. Experiments involving the use of drugs, 
viruses, dyes, and toxins have definitely established the existence of 
a blood-brain barrier which is impermeable or relatively impermeable 
to certain substances injected into the vascular system. The problem 
which concerns us is how substances circulating in the blood can 
produce profound behavior changes although they cannot be identified 
in the brain and apparently do not reach the central nervous system. 
Instead of trying to answer this question, I shall be content with 
calling attention to some of the relevant factors involved by citing the 
results of recent experiments with gold compounds. 

After the injection of gold compounds, such as sanocrysin, into 
animals of different species, Querido (63) and others found that the 
cells of all tissues and organs show black specks and granules if the 
sections, previous to staining, are exposed to strong light and a “phys- 
ical developer” containing silver nitrate. Microscopical examination 
does not reveal any difference between the black particles in nerve and 
glia cells and those in cells of other tissues. According to Querido, the 
formation of such particles in cells of the central nervous system is due 
to factors entirely different from those operative in cells outside the 
central nervous system (including the cells of the spinal ganglia). 
On the basis of extensive experiments with mice, he concluded that the 
black specks in cells outside the central nervous system are due to a 
deposition of gold sulfide capable of attracting silver from the devel- 
oper under the influence of light whereas those in cells of the central 
nervous system represent a colloidal “silver-lipoid combination” that is 
formed, even in the absence of light, when the developer is applied. 
Although no gold or gold compound could be demonstrated in the 
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central nervous system, injections of the gold compound produced not 
only neurological symptoms, such as ataxia, loss of orientation, and 
blindness, but also changes in the nerve cells (probably due to an 
increase in lipofuscin or a coalescence of finely dispersed droplets of 
lipides into larger drops). If there is an impermeability of the blood- 
brain barrier to gold, how, then, can gold poisoning affect the brain? 
Querido suggests that the metabolic disturbance in the brain is the 
result of a collateral or “parallel” poisoning; that is to say, the injected 
gold compound causes a dysfunction in some other organ, such as the 
liver or kidney, which in turn produces a change affecting the cells in 
the central nervous system. 

Returning to the field of behavior, I submit that many behavior 
changes and perhaps some of the psychoses may well be the result of 
collateral poisonings. While the Senesis of certain behavior alterations 
may lie in the extracerebral environment, the form and structure of 
such behavior cannot necessarily be understood without reference to 
cerebral mechanisms. To say that behavior may be viewed as a 
chemical epiphenomenon of events occurring in the extracerebral en- 
vironment does not imply that the Particular manifestations of be- 
havior must be entirely independent of the brain and its mechanisms. 
(Similarly, the fact that the hallucinations pédonculaires described by 
French neurologists are brought about by lesions in the peduncles does 
not imply that the structure and form of the hallucinosis can be under- 
stood without recourse to the activity of the cerebral cortex. ) 

The difficulties involved in analyzing the relations between extra- 
cerebral factors and the brain have recently been brought home to me 
in trying to understand the behavior alterations ociated with dis- 
turbances of porphyrin metabolism, Normally, the brain contains only 
small aironi of porphyrin (44-46 On discovering that the fluores- 
cence spectrum of the white matter of the central nervous system re- 


veals a sharp emission band witha maximum at about 625 millimicrons, 
I made various attempts to extract and i — 


à dentif the porphyrins occur- 
ring in the white matter. With the ethy] Cae 3 acid 
technique, I found that the r Slacial ace 


myelinate 
z x yelinated fiber masses of the brain and 
spinal cord contain chiefly 


Coproporphyrin and, o A re- 
8 on the basis of pre 
liminary results, I concluded that jt is the type IIT 5 8 


present in the central nervous system. While the . 
sion band was found to be present in the fluorescence sn ve f the 
white matter in all warm-blooded animals (f e spectrum o 

mammals and birds), no evidence was obtained 
coproporphyrin or any other porphyrin 
system. The fluorescence spectra of the cr 
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teristic differences in the sense that the 625-millimicron emission band 
is present in some nerves, such as the optic and auditory nerves, and 
absent in others, such as the oculomotor and abducens nerves. In the 
trigeminal nerve it is present only in the central portion of the nerve 
trunk. When the central portion showing this band is separated from 
the peripheral portion by cutting the nerve, histological study of these 
portions indicates that such a cut separates the glial from the non- 
glial portion of the nerve. Figure 10 represents a longitudinal section 


Ficune 10. Photomicrograph of a tion through the trigeminal nerve of a rhesus 
monkey. Impregnation with silver carbonate (Dockrill’s modification of Rio- 
Hortega’s method.) x41. 


ntral portion of the trigeminal nerve of the rhesus 
Dockrill’s modification of del Rio-Hortega’s 
silver carbonate method for oligodendroglia (62). The central portion 
was obtained by cutting off the distal part that did not exhibit the 
porphyrin fluorescence spectrum. Figure 11 shows the central glial 
and peripheral non-glial segments and the glial dome as seen in the 
uncut trigeminal nerve of the rhesus monkey. A detailed study of the 
cranial nerves in various mammals, including man, led to the conclu- 
sion that the porphyrin fluorescence spectrum is characteristic only 


of the central glial segments and that the junction between the central 
and peripheral nervous system in the cranial nerve trunks separates, 
therefore, a region in which the 625-millimicron band is present from 
a region in which this band is absent. Various lines of evidence strongly 
suggest that the occurrence of coproporphyrin in the white matter of 
the central nervous system and in the central glial segments of 
cranial nerve trunks is correlated with the presence of oligodendroglia. 

A different picture presents itself in disorders of porphyrin metab- 
olism. It is well known that in the intermittent acute form of por- 


through the ce 
monkey stained by using 
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phyria the patients frequently exhibit a large variety of nervous ang 
mental symptoms. The neurological and psychiatric manifestations are 
of such a nature that the clinical picture is often confused with that 
of other neuropsychiatric disorders, Porphyria patients have frequently 
been diagnosed and treated as c: ses of acute encephalitis, encephalitis 
lethargica, poliomyelitis, myelitis, progressive muscular atrophy, poly- 
neuritis, ascending acute polyneuritis, periarteritis nodosa, nicotine 
poisoning, arsenic poisoning, diphtheria, brain tumor, hysteria, vegeta- 


Ficure 11, Photomicrograph of 
monkey. Impregnation with 


a section th 
silver carbonate 
Hortega’s method. ) 


sus 
rough the trigeminal nerve of a rhe a 
(Dockrill’s modification of Rio 
* 25. 

tive neurosis, psychoneurosis, neurasthenia, acute psychosis, or manic- 

‘pressive psychosis (78 76 š ; É i 
de pressive psychosis (78, 79). Many of the symptoms observed in the 
intermittent acute type of Porphyria Point, therefore, to an involve- 

> 
ment of the central nervous system. 

Biochemical studies, particularly by Watson and his S- World in 
this country (24. 86), have been chiefly concerned with isolating the 
uroporphyrins occurring in the urine and feces of porphyria patients. 
In studying the occurrence and distribution of Porphyrins in various 
organs and tissues obtained at ne, Porphyria patients, I 
found that the blood serum an | üönneryous organs 
and tissues contain ether-solub] ‘ r-insoluble porphyrins. 
In fact, a spectroscopic examin: “primary Arege” 
ars without Previous treatment 


i > aracteristic Porphyrin fluorescence 
spectrum in almost a non-nervous organs and tj sues. In the adrenal 
cortex, for instance, the porphyrins are confined to the zona reticularis. 


8 D 8 > icrogre A 5 
Figure 12 shows the photomic osraph of an unstained frozen section 
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through the adrenal cortex of a porphyria case. In such sections, only 
the zona reticularis (the dark zone in Figure 12) exhibits a red 
fluorescence and a porphyrin fluorescence spectrum. Porphyrins may 
also occur in the peripheral nervous system in certain stages of the 
disease. The ventral and dorsal roots as well as the spinal nerves may 
exhibit a pronounced red fluorescence and a fluorescence spectrum 
with a sharp and well-defined emission band at about 618 millimicrons. 
Different portions of a given spinal nerve may differ markedly with 


Ficurr 12. Photomicrograph of an unstained frozen section through the adrenal 
cortex of a porphyria case. * 81. 


ensity of the 618-millimicron band. This band and 
be absent in some spinal nerves or in 
nerve. These findings suggest that the 
heral nervous system in an irregular 


respect to the int 
the red fluorescence may 
certain segments of a given 
porphyrins invade the perip 


and patchy fashion. i 
In view of the fact that many of the symptoms present in porphyria 


patients point to an involvement of the central nervous system, it is 
significant that the brains and spinal cords contain only the small 
amounts of normally occurring porphyrins. The data obtained so far 
indicate, therefore, that the blood-brain barrier is impermeable to 
the porphyrins circulating in the blood of cases of intermittent acute 
porphyria. Since the disease does not produce an abnormal “porphyri- 
nization” of the brain, the symptoms referable to the central nervous 
system cannot be understood on the basis of a “cerebral porphyria.” 
I should like to mention that so far I have not succeeded 
ncreasing or decreasing the concentration 
hyrins in the brain of animals. The 


In passing, 
experimentally in definitely i 
of the normally occurring porp 
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procedures included injections of porphyrins and the production of 
nutritional deficiencies. Nor have I been able to find a disease affecting 
the porphyrin level in the central nervous system. For instance, 
extractions of the brains of cases of dementia praecox, senile dementia, 
Jacksonian epilepsy, or cerebral arteriosclerosis furnished only the 
small amounts of normally occurring porphyrins. In fact, there is no 
clear-cut evidence that even any of the diseases involving disorders of 
porphyrin metabolism or any of the chemically induced porphyrias 
or coproporphyrinurias are associated with a “porphyrinization” of the 
brain. Furthermore, the occurrence of porphyrins in nerve and glia 
cells has never been microscopically demonstrated in brains of cases of 
intermittent acute porphyria or in brains of cases of the congenital 
(photosensitive ) type of porphyria, 

The results obtained in studying cases of intermittent acute por- 
phyria indicate, therefore, that the porphyrins characteristic of this dis- 
ease do not reach the central nervous system. At the same time, the 
symptoms referable to the central nervous system are undoubtedly 
associated with a disorder of porphyrin metabolism. It will be a matter 
of future research to Specify the mechanisms involved in producing 
these symptoms. In the meantime, certain facts and considerations 


seem pertinent in attempting to account for the behavior alterations 
which point to an involvement of the centr 


Some investigators have reported histop, 
the brain while others have 

is difficult to understand how 
been reported can account 


al nervous system. , 
athological alterations in 
to find such changes. It 
iological changes as have 
r the complex symptoma- 
a8 . i sence o 
histopathological alterations it may ute porphyria. In the absence 


8 © argued, of course, that the 
cellular changes are reversible or not detectable with the methods 


> falling back on reversible 
or undetectable changes merely shifts the Problem and is of no help 


he alteration in brain func- 
tions. 


been unable 


In specifying such factors, account mi 
the application of chromatographic 
certain body fluids of porphyria pat in addition to previ- 
ously described porphyrins, a number of unidentified porphyrins as 

a ; $ 
may involve general metabolic disturbances 15 l a aaa 
however, have not been found 


T have stud; i i 
: : į ied. It is possible, 
of course, that the production of various Pigments leads to 15 is ac- 
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companied by the production of substances capable of affecting or 
invading the brain. In such a case, the psychiatric manifestations of 
the disease could be considered the result of a “collateral poisoning.” 
In the meantime it is not even known whether a substance such as 
porphobilinogen is present in the brain of porphyria cases. Porphyrins, 
however, invade the endocrines. Since published reports indicate 
that porphyrin injections lead to an increased secretion of gonado- 
tropic and melanophore-dispersing hormones (27, 28, 31, 66) and 
certain changes in intermediary metabolism (29, 30), alterations in the 


h of a section through a root nodule of Phaseolus 


F. E k icrograpl 
DOREL, PORTE f Masson’s method for argentophil cells. 


vulgaris. Modification o 


hormone production of various endocrines may be a characteristic 
feature of intermittent acute porphyria. In fact, it has been suggested 
that the clinical manifestations of this disease are chiefly brought about 
by a vasoconstrictor substance circulating in the blood (15). 

It must be emphasized at this point that the functions of the free 
porphyrins in the organism have been little studied. The physiological 
role even of the naturally occurring coproporphyrins is not exactly 
known. Furthermore, the relations between free porphyrins and hemo- 
globin are complicated by numerous factors. F or this reason I searched 
for a porphyrin-hemoglobin system that might be studied in the 
absence of factors complicating or influencing the interrelations of 
porphyrins and hemoglobin metabolism in animals. Starting from 
Kubo’s discovery (53) that the root nodules of leguminous plants 
contain hemoglobin, I found that hemoglobin containing nodules when 
crushed exhibit a reddish fluorescence and a fluorescence spectrum 
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with a well-defined emission band at about 620 millimicrons. Subse- 
quently I was able to isolate various porphyrins from root nodule 
material (47, 48). F igure 13 represents a photomicrograph of a 
section through a root nodule of Phaseolus vulgaris (var. Red Kidney 
bean). In unstained frozen sections, red fluorescence and a porphyrin 
fluorescence spectrum can be seen only in the cytoplasm of the large 
cells containing Rhizobium (Figure 14). There is further evidence 
that the leghemoglobin is present in the cytoplasm of the same cells. 
Porphyrins, hemoglobin, and bacteria, therefore, have the same distri- 
bution in the nodule cells. The simultaneous occurrence of hemo- 


globin and porphyrins in the root nodules of leguminous plants is o 


f fs 5 — cur 
fundamental interest in view of the fact that these substances occ 
here in a system in which living 


g cells are capable of fixing atmospheric 
nitrogen. It is hoped that further research on the porphyrins in 1 
root nodules will throw new light on the physiological significance o 
porphyrins in general, 

In closing, I should like to re 


fer to a statement made by A. J. Clark 
in discussing the principles an 


d methods of a quantitative phani 
cology (11). Speaking of the complexity of living cells he expressed 
the view “that, if a reaction between a drug and a cell appears to follow 
simpler laws than those applicable to relatively simple colloidal 
systems, this apparent simplicity is an accident. . .” I feel tempted 
to voice the opinion that for a long time to come—and by “a long 
time” I do not mean, like Dr. von Neumann, four or five years, but 
forty or fifty years or even centuries the laws of psychology will not 
even be as simple as those applicable to relatively simple colloidal 
systems. If “laws” of such simplicity will be found in the near future 


they will not be psychological laws, but carefully contrived “accidents” 
attained by ignoring relevant facts, 
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red fluorescence of the cells under near-ultraviolet light. 
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DISCUSSION 


DR. BROSIN: Dr. Nielsen has some Provocative o 
this connection, together with slides, and I think 
have them now before the formal discussion, 

— — Dr. Kliiver's flm that his monkeys didn’t 
have complete visual agnosia. They recognized the 5 


ases of interest in 
We might very well 
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recognized the hole they jumped into; they seemed to know what was 
safe to put their feet on, and jumped the distance up to the hole. Is 
that correct? 

DR. Kl Uvrn: I think I was careful not to say that the monkeys had 
a visual agnosia; I merely said that they exhibited forms of behavior 
which appear to indicate a visual agnosia or psychic blindness. The 
animals had apparently no difficulty in discriminating visually. If 
I were to employ the terminology previously used by clinical writers 


Ficure I. Mesial surfaces of both occipital lobes, showing lesions in the calcarine 
areas of both sides. (After J. M. Nielsen. Agnosia, Apraxia, Aphasia. New York: 
Paul B Hocber. 1946, 2nd Edition, p. 179. By permission of the publishers.) 


have so expertly analyzed in your book, Agnosia, 
I would say that the monkeys exhibited the picture 
mind-blindness,” as described by Lissauer in 1890. 


these monkeys is certainly not 


and which you 
Apraxia, Aphasia, 
of an “associative , 
The type of disturbance present in 
Lissauer’s “apperceptive mind-blindness 
DR. NIELSEN: This is a most marvelous demonstration of Dr. Kliiver’s 


work. I just wanted to make sure that we were not discussing dif- 
ferent things, because the few slides that 1 have selected to show in 
the short time available are of visual agnosia due to occipital lesions, 
and there is obviously a marked distinction between the function of 
the temporal lobe and the occipital lobe in man as compared to many 
of the lower animals. I don’t want to have it interpreted that what I 
am showing here is to disprove anything previously presented in other 
talks here. It is simply that I want to present the facts, and then we 


can make comparisons. 
These (Figure 1) ar 


e the mesial surfaces of both occipital lobes 
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of a man who had emboli into the calearine area of both sides. He 
immediately saw “a million stars,” as he described it; and from that 
time on he was totally blind, but was able at all times to eune 
anything that he had formerly seen, and he was able to give visual de- 


er . J = a is We 
scriptions, including colors, of all of his past memories. From thi 


s figure sho the lateral v 
are shown in Figure 8. Arrows indicate a band of softening, (After J. VI. Nielsen. 
Agnosia, Apraxia, Aphasia. New York: Paul B, Hocber, 1946 2nd Edition, p. 180- 
f the Publishers, ) 


i i 1 P sections 
iew with lines of section. The sectior 


By permission o; 


concluded that, so far as visual me 
reside in area 17; that is, not in the 
ciation areas. 

Here (Figure 2) is the latera] view of the brain of a man whom I 
had the opportunity to examine about two or three hundred times, 
since I saw him for several years, He had, in the course of lis illness 
a lesion of the left middle cerebral artery, Particularly the angular 
gyrus, as is shown here. He was never again able to read but did 
recover his capacity to speak, so there were no language disturbandes 
in the later contacts with him. One morning 1 went to we hen. and he 
said that he had had some trouble with his Vision that morning. When 
I checked him, he had a left homonymous hemianopia, not a right. 
The lesion would have to be in the right Occipital lobe or temporal 


mory is concerned, it does not 
calcarine area, but in the asso- 
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lobe. He asked in detail about his relatives; he knew me; he knew 
his attorney; he knew all the people that he had known, including the 
nurses; but he did not know anything inanimate that he saw. He 
didn’t recognize anything that he saw that was inanimate, nor could 
he revisualize anything that was inanimate. This presented a most 
striking picture. Of course, I didn’t realize at first that this was going to 
be a categorical defect and that he would fail to recognize all inani- 
mate objects. But as we went on he looked out of the window and 
asked me what “those things” were, indicating the outine of the moun- 
tains. (This was here in Pasadena.) I told him that they were the 
He replied, “Oh, they are mountains?” He asked, “What 
are those things down here?,” indicating a row of automobiles. I 
said that they were automobiles. He said, “Oh, automobiles. Look at 
that mule grazing there.” There was a mule in between the cars, 
and he recognized the mule. There was a very sharp line drawn be- 
tween animate and inanimate objects. We had the opportunity to 
test flowers in his case also. I had a flower brought in without a 
word being said. When he saw it he said, “That’s a daffodil, isn’t it?” 
He included flowers with his animate objects. I would like to show 
you the horizontal sections of his brain, as made on the horizontal lines 

shown on this lateral view. , . 
This (Figure 3A) shows a lesion placed in the right occipital lobe. 
We will ignore the signs of trouble in the left temporal lobe with which 
0 because it is not symbols we are dealing 


we are not concerned now, ASO r 
with: we are omitting aphasia from this discussion. The lesion in the 
: 


right occipital lobe was in area 18. 
This (Figure 8B) is one centimeter lower and shows a much more 


extensive lesion, completely undermining area 19 (the area for 
revisualization ) although the cortex is intact. ; 

Here (Figure 3C) we have further lesions in the same area, all 
on the right side. There is one small lesion on the left side, but it is not 
enough to give us any defect in the field of vision. 

This (Figure 8D) was necessarily taken looking up, because the 
brain below this could not hang together, and this view is just for 
completeness of presentation. There is a lesion in the uncus of the hip- 
pocampal gyrus on the right side, which, so far as I know, was not 
related to this symptomatology at all, but it may have been related to 


some outbursts of anger the patient showed. 
This (Figure 4) is an entirely different case. This was a woman 
who was operated on for lung abscess, and, as the operation was in 
t into the bronchus and almost suffocated 


progress, the abscess burs 
her. Her life was just barely saved. She was then stuporous for a 


mountains, 


FIGURE (After J. 
Hocber, 1946, 


M. Nielsen. Agnosia, 
nd Edition, p. 181, 


aul B. 
Apraxia, Aphasia. New York: Paul 


By permi 


sion of the publishers.) 
In A is seen subcortical softening in the ef, angular 


occipital lobe is seen a lesion indicated by arten to dene 
completely the function of that structure, In B are seen three lesions, one cortical itt ih 115 
area 37, the posterior extremity of the softening in the left temporal lobe. “The aed ee 
very An Galan NS the: left Secipital Tabe (anroc) correi in area 17 (in the lingual BY ah 
and hence affects the visual projection fiber system, association tracts, The third (att 18 
Almost coplet MAVENS! inis Tigma Syrus on the right side, 


1 19 also (association tracts). In C are seen three lesions, 
E e TASS CITE ttn 1 cm. of the lateral vent l 
ra a ee cre a Side On the nieht anurat ine Posterior horn of the later 
ce ai hich is dilated in consequence, This affects areas 18 and 19. The third is a smal 
venie, Haye haea hA right prefrontal cortex. In 5, the photograph is taken looking up: 
ang (ose lesion (arrows) Jn the salt Pied mpeg T on the left side of the figure. ‘THe 
and the cystic STOW) is Visible on the right side of the figure: 
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. o right 
and supramarginal gyri. In 5 ast OY 
(areas 18 and 19) placed so as to de 


not 


anteriorly destroying are 5 5 
On the left side the first des 180. 
ricle (the anterior end esapi 
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number of days. As she cleared, we began to examine her. tested 
her fields of vision by the confrontation test, and I asked Her to 
tell me when she saw my finger moving. She never said anything. I 
again stimulated her and said, “Give me your attention. Look at my 


lobe. 


FicunzE 4. (A) This section shows a focal area of softening in cach par 
rs move.” Again she didn’t say anything. 
et was not bright enough, so T fook 
er with a bright handle and held that out and she 
> I then said, “Tell me when you see my finger.” 
hand immediately in front of her and 
> She said, “No.” If I held an object 


nose and tell me when my finge 


I thought that perhaps MY obje 
a percussion hamm 
said, “I see it now. 
She never did see it. I held the 
said, “Don’t you see my hand?” 
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in front of her, she saw the object. It was some little time before I 
realized we had a complete case of visual agnosia for animate objects, 
not for inanimate objects. We held out a tray of objects including the 


Ficurr 4. (B) This section shows Cortical destruction of the left occipital lobe. 
patient's artificial teeth. She Picked up ever 
handed it to me. When 1 asked for the teeth she said ther ere no 
teeth. We cleared the table of everything but the ten per 1 asked 
her for them then, but she insisted that there were i 3 th. She 
thought of the teeth as a part of animate objects, I faa 855 nurse 
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to get a doll from the pediatrics department and held it up before her. 
It was a beautiful doll with artificial skin so that it felt very natural, 
and I held that up before her and asked, “What is this?” And she 


Ficure 4. (C) This section also shows destruction of the left occipital lobe. 
(A, B, and C after J. M. Nielsen. Agnosia, Apraxia, Aphasia. New York: Paul B. 
Hocber, 1946, 2nd Edition, p. 185. By permission of the publishers.) 


said, “It’s pink.” I said, “Yes, its pink, but what is the object?” She 
said, “pink,” and that’s as far as we could get. The three sections 
(Figure 4) show a decortication of the left occipital lobe. 
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The next case is illustrated by Figure 5A, B, C, D, and E. It is 
another case of complete visual agnosia for animate objects, but reten- 
tion of recognition of everything inanimate. Again the lesion is in 
the left occipital lobe. Figure 5A is taken looking directly at the 


Ficure 5. (A) Occipital view of the uncut brain, showing region of softening: 


occipital lobe before the section Was cut. Yo 
but as we proceed you will see how deeply it cuts into the lobe. 

In Figure 5B we have the occipital lobe below : * a zs only 
the left half of the brain because the right eo > and it show 1255 
no lesions in it. Here is the lesion @ as intact. There v 


utting in rather jgure 
S ate an: ather deeply, In Figur 
5C one can see the slit made by a vascular lesion whiok ted 1 


some weeks before. 
Figure SD shoes some of the lesion remaining but it isn’t nearly 
as desp in: this Ieeation. In Figure 5E, ay We go down with the sections 
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cut parallel, we can see there is still some disturbance but not very 
much; while in Figure 5F there is extremely little if any involvement 
at that level. Now, if we take cases like these and find that a right 
occipital lesion gives us a visual agnosia for inanimate objects, and 
the left gives visual agnosia for animate objects, you may think now 
that we have the system; but such localization is only an individual 


howing the softening in the left parieto- 


Ficunz 5. (B) Uppermost section, sł 
C ge region. C) Second section, 14 mm below B. 


y of telling in advance in which occipital lobe 


matter, There is no wa 
hat reason I have another case to pre- 


the patterns are located. For t 


sent here. A A 
ase in which the right half of the brain 


Figure 6A and B is of a ¢ i 
is the one involved. One can see 2 complete destruction of the pos- 
terior part of the occipital lobe. This was the case of a woman who 


had a vascular lesion at home many months before. She had acted 
“crazy” or “hysterical.” Her sister-in-law was not at all sympathetic 
with her and told the husband, “Your wife must be crazy. She claims 
she can’t see, yet she walks around objects and doesn’t run into any- 


thing.” She couldn't recognize her husband or any part of her own 


body and couldn’t find her way to the bathroom. They would leave her 
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out in the backyard, and when she asked to go to the bathroom, 5 
Was left there, as an experiment, but they had to clean up the iis 
The husband then had her brought in and placed with her bed next 


Ficunre 5. (D) Se 
cortical destruction 0 


ction through 
f the mesia 


a’s convolution. (E) Section showing 


: of lesion shown in D. (F) Section show- 
ing lateral Portion of same lesion, 
(A, B, C, D, E, F after J. M. 


Nielsen. Ag 
Paul B. Hoeber, 1946, = 


nosia, Apraxi ia. New York: 
2nd Edition, pp. praxia, Aphasia. } 


237 and 238. By permission of the 
Publishers, ) 


the bathroom door and said, “If You want to 
and her sister-in-law sat and watched. Afte 


she wanted to go to the bathroom, and when help was refused She 
soiled the bed. Because of this, she was sent to the 2 saben ae ward. 
They transferred her to the neurologica] ward — j sa eng brain. 
This was in the days before Penicillin, and th 75 Hs 7 d of 
bronchopneumonia. However : © patient die 


Im Srateful fe 
alan ‘ or the brain. his case, 
both the animate and inanimate Payan Spr side, 


So, go yourself,” and he 
r awhile, she said that 
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She was a right-handed woman, but I can’t say she was left-brained, 
because I can’t be sure of that unless we get proof of it. She was 
right-handed, and the right occipital lobe went out. The amazing 


er than B. The two horizontal sections show complete 
lobe. (From J. M. Nielsen. Agnosia, Apraxia, 
ber, 1946, 2nd Edition, p. 204. By permission 


Ficunn 6. A is 1 em. low 
destruction of the right occipital 


Aphasia. New York: Paul B. Hoe 
of the publishers.) 


left occipital lobe traveled all through life with the 
right occipital lobe exposed to the same visual impulses and the same 
training and experiences, yet when the right went out, the left was 
not able to do anything so far as associative functions were concerned. 


thing is that the 


ke, instead of discussing the papers, to 
throw this little thing into the general expression of ignorance that 
Dr. Kliiver usually demands of us. About ninety years ago, it was 
discovered by Claude Bernard that sticking or pricking into the 
brain stem would cause a rise in the blood sugar, even spilling it 
into the urine. The mechanism for this contro] by the brain, of sugar 
in the blood, has been investigated many times. It has been shown 


pr. MCCULLOCH: I would li 
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that it can occur by (pathway number one) nerves to the adrenals, » 
(pathway number two) nerves to the Islands of Langerhans, in ad 
pancreas, by (pathway number three) nerves to the pituitary, zi 
thence, chemically. Dr. Leimdorfer injected into the cerebral 1 
fluid quantities of adrenalin, beginning with very small doses and en 1 
ing up with milligrams per kilogram. It never causes a rise in W 
Pressure, but it does cause an enormous rise in blood sugar which Perf 
sists for many hours. So, instead of investigating the puncture = 
Claude Bernard, we investigated the effects of adrenalin in the 4 
bral spinal fluid. We tried to ſind the path from the brain. First, ne 
removed the adrenals and then sectioned the vagi, or we took 85 
the pituitary and sectioned the vagi. But no matter which paths i 
removed, the other apparently always sufficed. We were, I think, ra 
that stage of the game, convinced that we had proof that the — 
could use any one of the three ways. Unfortunately, we have nos 
succeeded in removing all three, and it still works. i 
When we ask how our brain knows what our blood sugar level Sa 
we are again in very much the same boat. You can fool your — 5 
by holding, not necessarily sugar but anything that tastes sweet, une 85 
your tongue or around the edges of your tongue, and your me 
will then pull down your blood sugar, You can fool it very beautiful y 
in the cat by injecting saccharine. One of the ways that you use 0 
measuring circulation time in man is to inject saccharine, and get 2 
Sweet taste. If you inject much saccharine, after that instantaneous 
sweetness, you can put all the Sugar you want in your mouth and you 
cant taste it—you lose the sense of taste for sweets, When you do 


this to an animal, the brain at once regulates the blood sugar upware, 
as if there were too little 


$ E on 

Sugar in the blood. As yet we have been 

unable to prove that sections of the nerves of taste will prevent the 
brain from regulating blood sugar. Therefor aste neon 
ri 5 i i = herefore, each time we ge : 

these problems in which we are concerned on the one side with 

chemistry, and on the other side With the Structure of the nervous Sys- 


tem, we get into difficulties which, Simple as the things may seem, 
take us years and years to solve, aries 


DR. GERARD: I think that we should all be 
for the framework that he has set up in hi 


are more competent than I to discuss the Particular phenomena ass: 
2 a e 


ciated with these lobectomies, I was much ; aon 
a ch Sed ut har 
acterization of the occipital lobes impressed with his e 


However, I am particularly grat 
the brain back in the body. He 1 
been very much in the air and yet has h 


aver 
very grateful to Dr. Klüv = 
address. Certainly othe! 


ing 
aim for, in a sense, put 
d upon one thing that ha 
ne into the discussio”; 
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the problem of psychosomatics. I wonder if the disturbances which 
resulted from his treatment of monkeys should be attributed to some- 
thing like a severe look at the pituitary or even to mechanical manipu- 
lation of the brain, or if they are not simply examples, as he meant us 
to take them, of the various types of interactions between the brain 
and the rest of the body. 

I was also very much pleased with the return to some chemical 
aspects which, though difficult to interpret, sometimes do come 
clean—even such crude overall phenomena as that of carbohydrate 
metabolism. Some work by a young pharmacologist is rather directly 
illustrative. He found that mescaline inhibited the oxygen consumption 
of brain, in vitro. He then tried a number of the typical substrates the 
found that succinate helped restore the 
hibited brain. He then injected 
ho had been given mescaline 


brain can or does use, and 
oxygen consumption of the mescaline-in 


succinate into a number of students wi 
and were experiencing the rich visual hallucinatory complex so pro- 


duced. The mescaline hallucinations were promptly wiped out by the 
succinate, and the subjects returned to normal. With insufficient 
succinate injected, the hallucinatory phenomena recurred after one- 
half to one hour and could again be eliminated by succinate injection. 
I think experiments of that sort do give us a little encouragement in this 


morass of uncertainty. 


DR. LASHLEY: Dr. Klüver described the effects of removing the 


occipital lobe in the monkey as producing a response to the total flux 
of luminous intensity as contrasted with a condition where area and 
brightness are distinguished by the normal animal. We have found 
the same thing true in the rat. If in addition to destroying the striate 
cortex, the pretectile region and superior colliculi are damaged, the 
animal is rendered totally blind. These facts suggested a division of 
functions between the visual cortex and the tectum: the visual cortex 
specialized for reactions to the spatial distribution of excitations, the 
tectum for reactions to the intensity of excitation. Destruction of the 
tectum with the striate cortex intact did not, however, produce any 
visual symptoms. The discrimination of surface brightness and extent 
is unaffected. This illustrates a problem which is frequently encoun- 
tered, The intact cortex seems to suppress the participation of lower 
centers in functions which they are capable of performing in its 


absence. 

I agree with Dr. 
from one species to another. 
rhesus monkey seems invariably to pro 
ing around loss of the delayed reaction. 


Nielsen’s point that it is dangerous to generalize 
Removal of the prefrontal cortex in the 
duce a definite syndrome center- 
We have now a number of 
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chimpanzees lacking the prefrontal cortex, They show no such 5 5 
toms; in fact, we have not been able to discover any defects eames: 
from the operation. On the other hand, the agreement of a ao 
results with different species is much greater than the contradic 175 
between them. When such contradictions do arise, they call on 4 
searching and critical examination of techniques before their ascrip 
tion to species differences is justified. 


4 ariety 
DR. WeIss: I think the reference to the fact that a great v: 
of different interferences can pro 


duce the same symptoms as do ag 

cal agents is highly significant. It may signify that the symptom 5 

i f chemical reactions. It is easy a de 

ence with any one step will prec — 

in other words, produce the same e 

ed in this connection of the great multiplic 15 

of mechanisms through which lethal genes exercise their 2 n 

such complicated chains it is unwarranted, of course, to infer tha jé 
variety of agents producing the same effect must have the A 
or similar points of attack or mechanisms of action. They may attac 

quite different parts of the process and in quite different ways- 


12 i j wo 
DR. KÖHLER: I have perhaps missed the connection between t 
parts of Dr. Klüver's Paper. He gaye 


z $ maco- 
behavior of his monkeys, and he also discussed important pharma? 
logical issues. At the pres i i 


the former to the lat 
DR. KLÜVER: About twenty. 


the terminal reaction or, 
symptom. We are remind 


-five years ago I developed a motha” 
and non-equivalent stimu a 
acts of equivalence and some 
iss referred to a multiplicity of agen 


sult, he referred to facts of equivalence. The fact 


that a large number of heterogeneous stimuli produce the same behav- 
ioral effect implies the ineffectiveness of a large number of spe- 
cific factors and stimulus variatio 1 


à ; i 
ns. If you find widely different stimu 
5 * 8 S necessary to locate the “identica 
or “common” factor responsible for the equivalence Unfortunately, the 

erminati f such c 8 $ 7 ies. 
determin ation of such e factors is fraught with great difficulties 
The experimenter wil again and again find that he cannot draw 
generalizations at an early date When it comes to isolating the common 
factors underlying particu] 0 ons 


lar forms of equivalence. He may find 2 
property or set of properties common to iverse equivalent stimuli; 


3 continuing ex berimentation 8 = alent 
yet, on co & Oxy > ay discover non-equivalen 


he m 
stimuli exhibiting the same common Property. This me ans, then, that 
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the particular factor he has isolated as being effective in producing a 
given reaction cannot be held responsible for the equivalence observed. 
It is the importance of non-equivalent stimuli which has frequently 
been overlooked in behavior analysis. 

I wish to thank the discussers for their various remarks, but par- 
ticularly Dr. Nielsen for adding such interesting data on agnosias. 
It is very likely that the temporal and occipital lobes of the monkey 
are in many ways different from those of man and, in fact, different 
from those of other mammals. It is of interest in this connection that 


Munk, who thought that he had succeeded in producing Seelenblind- 
heit in dogs, failed to produce it in rhesus monkeys. It was subse- 
quently shown by a number of investigators that the symptoms he pro- 
duced in dogs were not due to a “psychic blindness,” but to various 
visual disturbances and field defects. As regards the picture of psychic 
blindness in the bilateral temporal monkey, it seems to be less com- 
plicated by other factors than the visual agnosias in human patients. 
In considering clinical observations, I am impressed with the factor 
of selectivity operative in the agnosias. In man, disturbances of recogni- 
tion are usually confined to certain types of objects and to certain 
kinds of relations between objects. One of Grünbaum's patients, 
for instance, had no difficulty in recognizing spatial relations except 
when his own body was the point of reference. Dr. Nielsen has pro- 
vided some beautiful examples of such selectivity. Furthermore, a 
patient may be able to recognize certain details, objects, or relations 
one day but not the next or only under certain conditions, or he may 
recognize certain objects or properties spontaneously, but not by con- 
centrated efforts. In contrast to this variability in human patients, the 
picture observed in the bilateral temporal monkey is really a monoto- 
nous one. The monkey tends to respond to every available object, no 


matter what its character, and constantly behaves as if unable to 
recognize the meaning of any object on the basis of visual criteria 
gnizı 


alone. 


I wish to thank Dr. McCulloch for calling attention to the com- 


plexity of relations between structural and chemical factors. He has 
touched upon very important and exceedingly difficult problems. I was 
greatly interested in Dr. Gerard's een that succinate injections 
suppress a mescaline-induced hallucinosis or at least decrease the com- 
plexity of mescaline hallucinations. I am curious to know whether 
sodium succinate will also be effective in banishing the hallucina- 
tions produced by d-lysergic acid diethylamide. Perhaps Dr. Alles, 
who is present today and who for many years has worked on mescaline 
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: estion. 
and related compounds, is able to throw some light on this ee 
I believe that Dr. Alles’ data on the oxidation of various amines 
amine oxidase are of interest particularly in regard to come ee 

To return to Dr. Lashley’s remarks on the visual e ites 
is no doubt that further work is necessary to clear up species di 
ences, particularly with refere 
liculi in mediating visual functi 


4 ‘cipital mon- 
to bring home to you what it means that the bilateral occipital 


: akey, 
key responds in terms of quantities of light. If a normal mor 


z r inous 
after having been trained to respond differentially to two lum 
objects differing in inte 


inous 
nsity, is suddenly confronted with one aioe 
object exhibiting an intensity gradient, such as light 1 
through a neutral tint optical wedge, it ceases to respond differenti 1100 
In the case of the bilateral Occipital monkey, however, there = the 
disturbance of the differential response, In making discriminations, ari 
bilateral Occipital monkey apparently relies on differences in the qué 


: ; ° in enge EDD 
tity of light received while occupying different Positions in space W 
reference to the wedge. Simi 


a Similarly, 
tity of light received in different 


ipital monkey can i 
normal monkey cannot perform, The normal monkey cannot “gener d 
ize” in terms of quantities of light since it responds to a visual world 
characterized by constan na and structured in terms of ab 
relation of chemical to behaviora. 
avior alterations following brain lesions, I was 
S and events in the extracere bra 
environment. For instance, I could not ignore the role of the endocrines: 
i tween brain and behavior 
taking into account the 

interrelations of structural and biochemical factors. 
In closing my discussion, I should Perhaps not leave you with the 

pessimistic statement I made when qu 


` toting Clark’s views on the 
laws involved in the reactions bet 


s Ween drugs and living cells. Per- 
haps I was wrong in taking the stand that the laws of psychology, for 


centuries to come, will not be very simple affairs, Perhaps one shoul 
adopt a truly optimistic, American attitude in this matter. Perhaps 
one should approach the future in the Spirit of the man who became 
world-famous for his treatment of neurasthenj 


8 and dysteria and who 
was also the first American to crystallize hemoglobin and even tried 
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to distinguish males and females on the basis of hemoglobin crystals. 
Although he refrained from considering the relations of psychology to 
“blood, sweat, and tears he lived during the days of the Civil War— 
he did write a treatise on the relations of behavior to “fat and blood.” 


I have, of course, reference to S. Weir Mitchell. 
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8 5 A y electric 

It is the main Purpose of this paper to discuss records of electric 
currents which have been taken from the heads of human subjects 
under conditions of 


pattern vision, We have recently turned to work 
in this field, because it seemed natural to do so in view of certain 
psychological observations. I will therefore first describe these psy- 
chological facts, 


When visual objects, figures, dots, or lines have for some time oc- 
cupied a given region of the fie 


Id, other visual objects which are now 
shown in this region tend to be displaced or distorted. Phenomena of 
this kind are known as “figural after-effects,’ 
tablish such effects are called “inspection (or I-) objects,” and the 
objects which exhibit the effects, “tes objects” (18). 

According to the definition of $ -effects which has just 
been given, a T-object is affected only if it is located within or near the 
area in which the I-object h 


as been shown, This area js defined in a 
retinal (or cortical) sense rather than in terms of “absolute” space. 


Suppose, for instance, that after the I-period the eyes of the subject 
turn to a new fixation mark. Under these Conditions, an after-effect will 
be observed in the new direction if the retinal place of the T-object has 
the right relation to the retinal area Previously Occupied by the I- 
object. The T-object need not differ from the Lobject, When inspected 
for some time, many visual objects change their Own spatial ghuranter- 
istics. In a way, they then serve both as I. and as T-ohjeits o 
Most figural after-effects can be derived from the following prin- 
ciple: T-objects recede from areas in which I-obje 
shown, particularly from the regions in which the co 
objects nave been located. As a result, T-objects may 
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cts have been 
ntours of these 
be simply dis- 
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placed. Figure 1 shows a combination of I- and T-objects in which this 
is the case. (Actually, the I-object alone is presented first, and is then 
replaced by the T-objects. The simultaneous presentation of I- and 
T-objects in Figure 1 merely serves to show their spatial relation. The 
cross between the T-objects indicates the position of the fixation 
mark.) When, after an Lperiod of, say, one minute, the T-objects are 
presented, the one on the left side appears lower than its partner. The 
fact that the right T-object is not at all, or clearly less, affected demon- 
strates the localization of the effect. 

Obviously, the left T-object May be 
the area of the Lobject; a T-object may a 


shown above as well as below 
lso be shown on the left or 


fixation point, I the inspection figure, 


x is the 
m before T is presented.) 


Ficunr 1. Typical stimulus figure. 
(1 is withdraw 


and T and T the test figures. 


on the right side of this area- In each case, it would appear displaced 
away fern the Lobject. if the second T-object were shown in a posi- 
tion which makes the displacement clear by comparison. Now it seems 


plausible to assume that inspection of an Lobject alters the neural 
f this object occurs, and that a T-object 


medium in which the process o : b 
is displaced because its process is affected by that alteration of the 
tedium, Bue while inspection of a given object can cause only one 
dium, we have just seen that this 


pattern of alteration in the neural med e 
alteration may cause @ number of different displacements, depending 


upon the location of the T-object in relation to the Lobject. Conse- 
quently, we have to distinguish between the alteration of the medium 
as such and the various after-effects which may afterwards be demon- 
strated. These facts ought also to have different names. In previous 
alteration of the medium has been called “satiation,” and 
al after-effects” has been reserved for the changes which 
when placed within or near satiated areas. These 


d in the folle 


reports the 
the term figur 
T-objects suffer 


e use wing discussion. 


names will b 
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It will be seen immediately that, with certain spatial — 
tween I- and T-objects, the displacement of the latter ae ae 455 
changes of distances and sizes. In Figure 2, for instance, pi aot 
shows I- and T-objects in one Pattern, both the T-objects on ihe = 
side must recede from the I-areas in their immediate neighborhood, 


n igure 1 for explanation.) 
and thus their distance will be shorte 
T-objects on the left side must recede from a 
them, so that their distance grows. As a con 
together will appear to form a trapezoid rather than a rectangle. The 
size of figural after-effects in Seneral varies Strongly from one indi- 
vidual to another; but most observers find the ie 
ticularly convincing. ® 

While in the instance of Figure 9 it is empty dist 
shrink or grow, in the following example (Figure 3) 
object is affected. After the I-period, the various 
on the left side recede from the outline 


ned. At the same time, both the 


e I-object between 
Sequence, the four T-objects 


nt example par- 


ances which 
the size of an 
Parts of the T-circle 
I-circle, which consti- 
ho wish to 
Antita 
ne dist; 


[ref, 13] 


° At this point it should be mentioned tha 
this field ought to give sufficient attention 
betygen I- and T-patterns, and also to the 


at those wi 
to the qua 


size of ¢} 
patterns and the observer (see Kéhler and Wallach, 


experiment in 
ve spatial relations 
ance between these 
? PD. 297-303). 
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tutes a region of maximal satiation. Hence this T-circle must now be 
visually smaller than the objectively equal comparison object on the 
right side. This is actually the case. The effect can be measured 
by varying the size of the comparison object until it appears equal to 
the affected T-object. The distortion tends to be fairly conspicuous. 
The affected T-circle may lose more than 20 per cent of its area when 


the I-circle has been inspected for 45 seconds. 


Ficune 3, Another stimulus pattern. (See Figure 1 for explanation.) 


The displacement of T-objects in the neighborhood of satiated re- 
gions follows a rule which may at first appear to be paradoxical. Gen- 
erally speaking, the displacement is maximal, not in the region of 
maximal satiation, that is. when the T-object coincides with the I- 
object, but rather when the T-object is shown at a certain distance. 
Actually, this rule follows from the fact that T-objects recede from 
more into less satiated areas. Suppose that both the I- and the T-object 
are straight lines, and that these lines are parallel. Many observations 
prove that the I-object satiates not only the place in which it is located 
but to a degree also adjacent regions. If, however, the I-object itself is 


bilaterally symmetrical, and if the medium can be regarded as homo- 
pattern of satiation must be approximately sym- 
a 


geneous, the resulting : : 
metrical about the same axis. This applies, of course, to the case in 
which the I-object is a straight line. As a consequence, there are two 
positions of the T-line in which it cannot be displaced. First, it cannot 

distance. For here its process 


be displaced when shown at a very great 
must 55 virtually independent of changes in the medium, which the 


remote Lobject has established. Second, there can be no displacement 
when the T-object coincides with the T-object. For, in this position, the 
T-line lies between two areas in which satiation has approximately the 
same pattern and the same intensity so that the object cannot move for 
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reasons of symmetry.* It follows from this reasoning that major dis- 


placements of the T-line are possible only when this line is shown at 
some distance from the Lline, where satiation is less extended and less 
intense on one side of the T-line than it is on the other side. Naturally, 
displacements must again decrease when, at still greater distances, the 
T-line entirely emerges from the satiated area, 

Measurements of the displacement at varying distances from the I- 
line confirm this deduction. But there are further facts which can be 
derived from our argument. For instance, the T-line need not be paral- 
lel to the I-line. If the I- and the T-line form a small angle (see Fig- 
ure 4),f one end of the T-line coincides with a point of the I-line, and 


— .— 


6d 


Figure 1 for explanation. ) 


T but, from here towards its free end, its 
ingly “symmetrical posit; aps 2 pat- 
tern of satiation, and must therefore be Fp nen a pc 
ing amounts. As a result, the T-line must turn in 3 — E 
I-line. This is what actually occurs when the ex, 58 
the same reason, if the Line consists 3 

i 8 of two strai ine i rm 
an obtuse angle, the two halves of a — ta lines which a 
through the apex of this angle, must tum awa ; -line, which pas i 
the I-figure; in other words, the T-line must bann L 1 * PE is 
a line bent in 


direction opposite to that of the Lf gu 6 : 
first discovered by Verhoeff (17), a oot really happens was 
son (5). Gibson also found that if an J. anda 185 discovered by — 
angle, the T-line turns away from the Tite: Cte Intersect at a sma 
excellent observations a different interpretatio 9 i 
longer be doubted that these obser 8 


Vations c 
: : ons 
effects in the sense in which Wallach and I 


For physicists I will add that under 
position of stable equilibrium. 


The second (parallel) T-line is added as a Neutra 


ral c ari j 
Comparison object. 


ce, away from the 
periment is made. For 


n, it is true, gave his 
but it can now no 
titute figural after- 
are using this term. The 


o 
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same holds for Gibson’s further discovery that, after prolonged inspec- 
tion of a slightly curved line, a straight line in the same location and 
orientation appears curved in the opposite direction. 

By choosing and combining I- and T-objects in one way or another, 
we can readily produce a great many further after-effects. No more 
examples will be needed for our present purpose. I prefer to formulate 
some statements which refer to the nature of such effects in general. 


1. Inspection of any visual objects gives rise to figural after-effects, 
provided that the objects are clearly segregated from their ground, 


and that the T-objects are shown in the right places. 
2. It is the prolonged occurrence of the process of an I-object which, 


as such, establishes satiation and, if a T-object is afterwards shown, a 
figural after-effect.° 
3. The locus of satiation is mainly cortical rather than retinal. For, 
after inspection of an Lobject with one eye, a T-object seen with the 
corresponding region of the other eye also exhibits the after-effect. 


In a more recent investigation, figural after-effects have served to 
answer an old theoretical question. It has been demonstrated that 
T-objects recede from the places of TLobjects not only in the two 

he third dimension of 


dimensions of the frontal plane but also in t i 
visual space (10). In fact, all figural after-effects which are known to 


occur in the former case can also be observed in the dimension of 
depth, Moreover, the rules which they follow in the third dimension 
are identical with those which hold for the effects in the frontal plane. 
This applies also to the factor of localization. For instance, if with a 
given fixation mark a T-object is shown behind the place in which the 
T-object has been located, this T-object recedes to a greater distance; 
and if it is shown in front of that place it recedes from it toward the 
observer. (In both cases, the displacement is again greater at a certain 
distance from the place of the Lobject than it is in its immediate 
neighborhood.) However, no effect is observed if, in retinal or cortical 

© A few remarks ought to be added to this statement. I do not wish to exclude 
the possibility that extra-visual factors influence the speed with which satiation 
develops. In fact, we have good evidence for assuming that, when attention is 
concentrated on an object, satiation in the area of this object is accelerated. Again, 
in referring to the prolonged occurrence of the rd of an obj the statement 
does not imply more than that satiation grows with continued inspection. By using 
a technique of summation, Wallach and I have been able to show that low degrees 
of satiation develop when objects are shown only for fractions of a second. We 
are inclined to infer that virtually all perception of objects goes with a measure of 
satiation. 
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terms, the I- and the T-object lie in different directions. Such facts 
seem incompatible with theories, according to which the third dimen- 
sion of visual space is merely an artifact for which processes of learn- 
ing are responsible. It will be remembered that, some time ago, Lash- 


ley and Russell reported findings of an entirely different kind which 
also contradict such theories (14), 


There is only one difference between the figural after-effects in the 


frontal plane and those in the third dimension, For the most part, the 
latter tend to be more conspicuous than the former. We have never 
found a subject who failed to be impressed by the following observa- 
tion. On a piece of white cardboard a number of thick black parallel 
lines are drawn in a vertical direction, and then the surface is given 
a curved shape, convex toward the observer, who fixates a mark in the 
middle of the pattern. When after a while this surface is replaced by 
a plane surface, with black lines and a fixation mark in strictly cor- 
responding Positions, this T-surface appears strikingly curved in the 
Opposite sense. With an I-surface concave toward the observer, the T- 
plane assumes an equally Pronounced convex appearance. At first, 
such observations may seem to be ope 

curved solid surface there will always 
which must give rise to common ne 
argued that only the appearance of 8 
plane T-surface causes the 
Actually, the same effec 


an opposite curvature. 
illumination are entirely 


dhwent. ¥ ‘ated when gradients of 
prepare two plane but slightly d 
in a stereoscope or haploscope, 
third dimension. It wil] be found 
face a corresponding pattern in t} 
posite sense. Since in this 
plane, it is easy to give the 
clude any explanation in te; 
after-images. 


2 : 4 
again give a Surface curved in the 


chat alter inspection of such a sur- 
e plane appears curved in the op- 
— aka f. drawings are objectively 
insof Keadientr tion, and thus to a. 

S of illumination and their 


experi 


Vision is not the only sense modality 1 0 
after-effects occur. When Gibson had discay 
of visual curves straight lines tangen after inspection 
curved in the opposite direction, he ir Mediate} urves were seen as 
periment in kinesthesis. Blindfolded sui; Y made a similar ex- 


hich satiation and figural 
ered that 


S Were aske, 
fingers of one hand along a curved edge, and ye asked to move the 
2 > epez £ 
a great many times. When afterwards the an the movement 


and followed a 
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d curved in the opposite sense. It 


straight edge, this edge appeare 
that the nature of this phenomenon 


seems hardly plausible to assume 
is essentially different from the curved-line effect in vision. 
We have observed and measured another after-effect in kinesthesis 

llel T-lines is increased 


(9). In vision, the distance between two para 
previously inspected a narrow rectangle which 


when the subject has 
if the same T-lines are shown 


lies between them. On the other hand, 
inside the area of a wider Lrectangle, they recede from its edges, 


and their distance is decreased. Can the same effects be obtained in 
kinesthesis? We asked our subjects to move the fingers of one hand 
along the two edges of a long rectangle with the width 0.5 inch and 
the fingers of the other hand along the edges of a rectangle with 
the width 2.5 inches. The movement was repeated back and forth 
for half a minute. ‘Afterwards the subjects were asked to move their 
fingers along the edges of two equal rectangles, the width of which 
was 1.5 inches. We expected that, if there is satiation in kinesthesis, 
and if it has the same effects here as it has in vision, the T-objects 
would not appear to have the same width. Rather, since the width 
of one would be increased, and that of the other decreased, the former 
would appear wider than the latter. Results confirmed this expectation. 
Moreover, if one of the T-objects was replaced by a scale, that is, an 


object the width of which varied by small and equal steps, our subjects 
were able to find a width on the scale which appeared equal to the 
with the other hand. Although individual 


width 1.5 inches felt 0 
differences as to the size of the phenomenon are again great, we have 
so far found no subject in whom the effect cannot be demonstrated. 
Our arrangement often gives Very Jarge distortions. For fifty college 
students we found an average of 43 per cent. After a satiation period of 
80 seconds, the width 1.5 inches, presented on the side of the narrower 
satiation object, appeared equal to 2.15 inches on the scale which 
was given on the side of the wider satiation object. 

In preliminary experiments we found that similar facts occur when 
objects are felt by passive touch rather than kinesthetically. On the 
whole, it now seems possible that any process which has a spatial 


structure is capable of satiating th ie 
As a matter of fact there is no reason why satiation should occur only 


in perception. 

g object perception always establish 
eory of these processes must be a 
It follows that in making as- 


ses underlyin 
hysiological th 
at the same time. 


If the proces 
satiation, any P 
theory of satiation 
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i i i i e must ex- 
sumptions about the facts which underlie object perception we m 


a ee in our 
clude such Processes as cannot be responsible for satiation 
sense, 


Present thinking about the fi 


on discoveries w arly years of this wee 
According to these discoveries, interrelations between the periph’ 
and the cortex are, in both directions, mediated by short-lived et 
pulses which travel along individual nerve fibers. It is customary is 
assume that Cortical function as such is essentially of the same typ! t 
in other words, that impulses which arrive in the cortex merely sra 
further impulses in ne orth. This assumption a 
not fundamentally alter at neurons may be nemen 
in circular chains, and y travel around such closed 
circuits for consider. any rate, most neurophysiologists 
seem to be convin logy of the whole nervous system 
impulses, 


the behavior of figural after-effects is compati- 
ble with this view, because it see 


at in our experiments it cannot 
be nerve impulses per se which cause satiation. This statement is based 
on the following that during the L-period we show a nar- 
row black rectan ground, and that afterwards we present 
two T-objects, o area of the black object, the other just 
outside, the short distance of both from the edge of the I-object being 
the same. Under ‘ 


e 80 these Circumstances, it will be found that the T-object 
within the area of the black Lobject is more strongly affected than the 
T-object in the white environment,® q sure, this T-object is also 


affected, as can reg ; paring it With a third T-ob- 
ata great distance But 


i cis based 
inctions of the human cortex is ba 
hich were made in the e 


adily be show 
ject which lies A ee 
15 area of the black i ; 15 © essenti 
assumption that satiati 
to follow that the 
within the black object than the 
white. Can this conclusion be re 


arly maximal. On the 
© impulses it would seem 
nerve impulses are higher 


in the surrounding 
ed with pre. 


havi f nerve impulses? A esent views about the 

ehavior nerve ses? Appa ate ae 
behavior o I Pparently, this is not the case. As a 
consequence, there appear to h. 


© only two W. 
can be explained in Physiological terms. N 


planation be given in terms of nerve 
a change in our mental picture of ner 


ays in which satiation 
1$. Many Will insist that the ex- 
impulses, But this would imply 
ve impulses, for it has just been 


° With a solid black object it is advisable to use 
and to observe with the other eye during the 
the figural after-effect will not be disturbed ! 
The same procedure may be used in the 


one eye durin 


is fashion 
by afterimages i 


ich F 


g the L period. 
> observation of 
n the usual sense. 
igures 1 and 2 refer. 
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shown that the facts of satiation cannot be derived from the now 
prevailing picture. We shall later return to this point. As a second 
possibility, it may be assumed that nerve impulses as such are not 
responsible for satiation as investigated in our experiments. Then we 
must find another process by which it is actually caused. I propose now 
to discuss the latter alternative. 

Obviously, if this alternative is to be seriously considered it must 
be applied to satiation in general. The way in which satiation develops 
within and around a white object on 4 black background does not 
essentially differ from that in which it develops within and around 
a black object on a white background. Satiation must therefore 
be given the same interpretation in both cases. Thus, on the premise 
that satiation in the region of a black object is not caused by nerve 
impulses, we shall have to assume that the same holds for satiation in 
the region of a white object. 

By what other process cou 
that any speculation in this respect is T 
are inherent in our experiments. According to our observations, only 
objects or patterns cause any demonstrable satiation. Hence, we must 
find a process which accompanies object or pattern vision rather than 
the perception of homogeneous surfaces. The assumption that such a 
process exists is supported by a fact which was first observed by 
Adrian (1). The alpha rhythm of the human brain is much more seri- 
ously disturbed by visual objects or patterns 


than it is by a bright homo- 
geneous field. Adrian suggests that it is attention to which the alpha 
remains the 


Id satiation be established? It appears 
estricted by conditions which 


rhythm is so sensitive. But there other possibility that, 
the rhythm is strongly disturbed by a 


quite apart from this factor, i : 
ption of objects or pat- 


accompanies the perce 


visual process which 
terns.“ 


From the point of view of stimulation, 
It seems safe to say that, in terms of stimulation, an object is an 
a say 


area (or a volume) which differs from its environment either as a 
whole or along its boundary. We see things of any kind only when a 


relation of inequality obtains between the stimulation in one area 
and that in another, surt Thus it seems plausible to 


ounding, area. 

assume that the process which goes with object or pattern vision is 
a relationally determined process. and that satiation 1s established 
in regions in which this pro 


cess takes place for some time. Relational 
determination is not a familiar term. 


what is a visual object? 


will therefore add that rela- 


o It is, of course, well known that the alpha rhythm may also be blocked by 
non-visual factors. I am here ignoring such evidenc 


related to the present discussion. 


e merely because it is not 
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tionally determined processes are extremely common in physics. 
instance, if temperatures differ in two parts of a system, a curren 
of heat energy is established which tends to equalize the temperatures. 
The direction of the flow depends upon the direction of the differ- 


ence, and in the absence of any difference there is no flow. Simi- 
larly, if a solution which contains cert: 


ain molecules is surrounded 
by a second solution which cont 


ains these molecules in a different 
concentration, a current of diffusion will be observed, unless the 
solutions are separated by an impermeable barrier. The current flows 
as long as the concentrations differ, Thus, it is again a relation of 
inequality between the two parts of the system which maintains the 
Process. Incidentally, our examples exhibit relational determination 
in more than one sense. As the Currents of heat or diffusion spread, 
their distribution in space depends upon the shape of the boundary at 


which the parts of the systems are in contact. This shape is defined 
in terms of Seometrical relation 


i among parts rather than of merely 
local conditions, and the distribution of the flow adapts itself to such 
relations, Therefore, 


not only the flow as such is relationally deter- 
mined, but the same holds also for its pattern jn space. 


The examples given are by no Means the only e 
tionally determined Processes in physics. I need not 
instances. In the present connection, it seems more 
that some such Processes cause obstructions in th 
they occur, and that in this fashior 


n after-effects 
later further Processes spread in the 


Are any relationally determined Processes likely to occur in the 


brain when objects or patterns are seen? Ten years ago, I suggested 
that the relationally determine, ago, Is 55 
les pattern vision 


xamples of rela- 
mention further 
important to remark 
e medium in which 


are established when 
same medium, 


h d process which under] 
is a direct electric current, and that such a 


al cortex differ from those 


explain how the 
current from one part 
° Relational determination of events must be di 
facts. Not all instances in which two or more 
are, for this reason alone, instances of relational] det 
synaptic transmission many cells are thrown į action on] if 
impulse arrives at their surfaces, A combinati several ¢ y i 
not, of course, involve relational determinati 
determined by two conditions is one thing, 
ally independent causes is another thing. 
W. Köhler (7), pp. 2 215 39-244, 351, and 370 f diss 
(8), pp. 106. A more detailed account is given by W. Wai 
(13), pp. 322 ff. 


stinguished from certain other 
factors b 
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effects of mutu- 
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to the other, and back again to the former. The explanation in- 
volved no hypothesis which is at odds with available knowledge 
of nerve impulses and their influence upon cortical tissue. Rather, 
those forces were derived from concepts which play a great role in 
present neurophysiological discussions. Nevertheless, this particular 
part of the theory need not now be described, because there may be 
various ways of deriving electromotive forces which would drive a 
direct current through the tissue. It seems that, whatever our choice 
may be, the distribution of the flow as such would always be about 
the same. It is this flow which we will now 
The flow would spread through the tissue as a volume conductor, 
which is to say that, in this connection, the brain must be regarded as 
a continuous medium to which principles of continuity physics apply.“ 
In this respect, I merely emphasize a possibility which is implicit in 
present neurophysiology, even though its consequences have, until re- 
cently, not been explicitly considered. Surely, if the potentials of the 
alpha rhythm as well as those of “on” and “off” effects can spread 
through the skull, there is nothing in the brain to prevent such poten- 
tials from spreading through this medium as a continuum. As a result, 
it can hardly be a disturbing thesis that a steadier flow would do the 
same. In fact, the possibility that the brain is pervaded by field poten- 
I formulated the present theory 


tials was discussed by Gerard before e > 
(2). Later, he and Libet pointed out that functional interrelations in 
. Later, a 


the frog's brain can best be interpreted from this point of view (3, 4, 
did not consider problems of perception, 


15). Although the authors ne p i : 
their views and mine may prove to be different versions of essentially 


the same conception. . : 
In flowing through a continuum, a direct current assumes a dis- 
tribution which, just as in our previous examples. is relationally deter- 
mined by the shape of given boundaries. In object or pattern vision, 
the boundaries in question would be chose between cortical areas in 
which retinal stimulation establishes different kinds or degrees of 
excitation. Wallach and I have indicated how the resulting distribu- 
tion of the flow could be related to facts of space perception: But 
ction this particular question need not be raised. 
It will suffice if we consider a fact which concerns only the distribu- 
tion of the current as such, and is quite independent of further 
theorizing. If excitation within a circumscribed cortical area differs 
from that in its environment, the resulting current must circle around 
‘act that physicists sometimes use the term “continuity 
e, in which it is contrasted with “quantum physics.” 


consider. 


in our present conne 


e am aware of the f. 
a different sens 
p: 332 


physics” in 
Reference 13, p 


Relational Determination in Perception 


s s 58 
the boundary at which the two areas are in contact. Moreover, unle 


å sër i is 
the surrounded area is very large, the current must be denser in th 
area than it is in the environmer 


nt in which it can spread widely. This is 
true whether or not local excitation is higher in the circumscribed area. 
Thus, if a black object is shown on a white background, the density of 
the flow must be maximal within the area of the black object, just as it 
is maximal within the area of a white object surrounded by black. 

We can now turn to the problem of satiation. The present theory 
has no difficulty in solving this problem, Any direct currents which 
flow through the nervous system polarize the surfaces of cells, and 
also change their polarizability, Generally speaking, this effect, the 
so-called electrotonus, ha er of an obstruction. Further 
w through the same medium are 
: © time, they suffer changes of their distribution 
in space. We are not introducing a special hypothesis if we assume 
that the currents of our theory are also electrotonically active, and 
that the resulting obstructions follow the same rules as hold for 
electrotonus in general. For instance, the degree to which the various 


parts of the medium are electrotonically affected js directly related to 
the density of the current in those parts. 


: en- 
sity of the currents postulated i Now we know that the de 
the area of a circumscribed great in adjacent parts, and 
progressively lower at greater distances, Conse tie 5 te nensi 
of the obstruction which the currents establish a 5 | ibit the same 
distribution. But this is also the distribution of * — S e = astigated 
in our experiments, Thus we are led to the co l 8 u en 
is merely another expression for eleetrotonus e e 

A more specific Consideration of figural aft, 
firm this conclusion, For example, the f 
intense within the area of a black Toh; 
environment now offers no Problem, iy 
current must flow with gre H 


s the charact 


after-effects tends to con- 
act that satiation is more 
ect than it is in its white 
since j is case also the 

3 ore A atest density through dies “i 555 poor of 
the object, its electrotonic action wil] again | restricted ar 5 
Quite apart from this special condition, how a maximal in this wie 
explained which T-objects suffer in satiated 85 te distortions to be 
are currents which go with Lobjects, io Obviously, if there 
corresponding to Tobjects. But the ee Must also be currents 
weakened and distorted, if the Current of an > 0 a ect will be 
pervaded the same region, and jf; mite ict has previously 
To a degree, we can tell how the obstructions i effect still persists. 
rents of given T-objects must distort the currents af ished by the re 
certain general premises are accepted, we can ales a 1 
8 are such a= 
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tortions with actually observed after-effects. It seems at present that 
biophysical theory and psychological observation are in satisfactory 


agreement. 


Our interpretation of figural after-effects rests upon the assump- 
tion that the processes underlying object vision are direct cur- 
rents. This assumption as such is more important than the fact that 
it seems to give an explanation of those particular phenomena. Under 
these circumstances, a direct test of the main thesis appears desirable; 
and, since the thesis has a strictly physiological meaning, it can be 
directly tested only in physiological experiments. Recently, Mr. Richard 
Held and I have done some experiments of this kind. Lam grateful for 
grants from the American Philosophical Society, the Viking Fund, and 
Swarthmore College, which have made our investigation possible. 

In dealing with our problem, physiologists would probably prefer 
to take records of electrical activities from the visual cortex itself, and 
therefore to work with animals. The advantages of this method are 
obvious; it will undoubtedly be used in future experiments. It seemed 
to us, however, that recording from the intact heads of human subjects 
would be particularly convenient in a first exploration. We realized, of 
course, that with this procedure negative results would not be decisive; 
for, even if pattern vision were associated with direct currents in the 
visual cortex, differences of potential on the surface of the head might 
be too small to give clearly discernible responses. But we hoped that 
the size of the potentials would be comparable to that of alpha poten- 
tials, If this assumption proved to be correct, our procedure was ob- 


viou j i . 

5 eee system, we used the d-c amplifier which has re- 
cently been constructed by engineers of General Motors. This excellent 
instrument avoids the disadvantages of direct-coupled amplifiers, and 
yet strongly amplifies weak direct currents of any duration. I need not 
here describe the construction of this instrument since a good descrip- 


kon Can be foun d elsewhere (16). Records of the output were taken 
with the well-known photoelectric recorder of the General Electric 
Company. The subject was comfortably seated in an armchair to which 
an adjustable headrest was attached. He ‘WES surrounded by a shielding 
cage. We used electrodes of the silver-silver chloride type, inserted in 
glass tubes. Contact with the scalp was made by means of a saline solu- 
tion (10 per cent) which filled the tubes. One electrode was placed 
about 1 centimeter above the occipital protuberance, slightly to the left 

sition varied by small amounts from 


of the median plane. Its precise p 
one experimental session to another. The second electrode was attached 
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to the vertex. This electrode was connected with the (grounded) 
second lead to the amplifier and with the shielding cage. Any steady 
potentials which appeared in the absence of visual stimulation were 
compensated for by a balancing circuit. 

In a first attempt of this kind we ci 


annot expect to obtain records 
which are as elegant as those of nerve i 


cord is long, gradual drifts 
e short-lived fluctuations do occur. While 
continued experience has gradually taught us to keep such disturbances 
within narrow bounds, their influence is still obvious in the records 
which I will now discuss. 

For two reasons, we worke, 
strictly stationary visual obje 
that electric responses would be sufficie 
electrode had just the right Position wit 
sentation of the object. We did not, o 
this position was when the obje 
visual field, and we did not wish 
respect. The difficulty could eas 


d with slow] 


y moving rather than with 
cts. In the fir 


st place, it seemed possible 
ntly large only if the occipital 
h regard to the cortical repre- 
f course, know precisely what 
ct occupied a cert: 


ain region of the 
to rely on mere tri 


al and error in this 


; 5 ily be avoided by moving a narrow 
bright rectangle of considerable length at right angles to this length 


across a faint fixation mark. A moving object of this kind had sooner 
s a 

or later to pass through the optimal position, if there was such a posi- 

tion. Our second reason for using this procedure was the fact that any 


direct currents which might spread in the visual cortex would tend 
to polarize the tissue, and thus to reduce thei : 


sumed that this effect would be Weakened i 
across the field; because under these 
flow, the current through the 
have time to cause seriously disturbi 
seldom used velocities higher than 
second. 

Records I, II, III, and IV refer to the follo 
horizontal bar moves across the field in 
field is not completely dark, but faintly 


aces the most intense 
e object, wou 
s. Actually, we 
Srees of visual angle per 


Wing situation, A bright 
a vertical direction. The 
illuminated by a weak 
o ese records were taken early in 1948. More re 
Mie p 8 . . i records will be found 
t More recent experiments have shown chat it is by no means im, ible to 
obtain responses when the object = stationary, But it seems true niles 
responses are more difficult to obtain; and for first ex iments in this Bwe still 
recommend the use of slowly moving objects, 


1 
— 
OL 


j Wolfgang Köhler 


100 av 


4 seconds 
Reconn I. Responses to five short exposures of a bright moving line. 


100 pv 


4 seconds 


Reconn IL Responses to five short exposures of a bright moving line. 
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100 uv 


4 seconds | 
—— 


Responses to five short ©xposures of 


Reconp III. 


a bright moving line. 


Ply (Ct 


4 seconds 


— 


Record IV. Responses to five short exposure 


S of a bright Moving line, 
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lamp, the light of which allows the experimenter to deal with the 
instruments. There are no contours in the neighborhood of the moving 


object. This object appears moving above or below the fixation 


mark "es š 18 f . 
nark, moves toward this mark, passes it. and then disappears on the 
repeated, and so 


other side À . 
7 1 side. After a few seconds, this movement is 
orth, until the bar has crossed the field five times in succession. The 
amounts to about 15 degrees of visual 


extension of each movement 
angle. 

The records clearly show responses to the bright moving object. 
In nineteen out of twenty cases, deflections downward can be recog- 
nized where marks are given below the curves. These marks, made by 
hand at the time of the recording, indicate the moments at which the 
object actually passes the fixation point. It will be seen that the in- 
tensity of the responses tends to be maximal at these points. ＋ In 
examining the records, we have to keep in mind that they are written 
on very slowly moving Papen: The distance of 1 centimeter corre- 
sponds to 4 seconds. Thus, while each response has the character of 
a wave, the duration of such a wave amounts to several seconds. 
That of a whole record with its five exposures is greater than half a 


minute. 


While considerable drifts of the base line have not been able to 


obscure the responses, the difficulties inherent in such experiments 
ought not to be underrated. Sometimes “random” influences are ob- 
viously at work. In Record III. the last response is not particularly 
conspicuous, and in Record IV we can hardly discover the fourth 
reaction. The size of the deflections varies from a minute response (in 
Record IV) to excursions which correspond to about 50 microvolts 
(in Record II). All responses have the same direction. Comparison 
with a source of known polarity shows that while the bright object 
moves across the field the occipital surface potential is positive in rela- 
tion to the vertex potential. a ; 
Records V, VI. and VII refer to a different visual situation. The 
horizontal bar is replaced by a vertical bar, and the movement across 
the fixation mark occurs in the horizontal rather than in the vertical 
direction. Moreover. the extension of the movement now amounts to 
about 120 degrees of visual angle, eight times the size of the movement 


obvious that extreme differences between 
ness of its environment must be avoided 


© Since this was written, it has becomes 
X had 
the brightness of the okie me the pag htr 
ained. 
if g ssponses are to be obtained. 
Ta these the distance from the eyes of the subject to the 
ese 
moving object wes 
} Owing to the slowness 


accurate. 


2.5 meters. 


of the movement, the position of the marks is fairly 
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in Records I to IV. The 1 
reasons. First, in Records I to IV 
relatively short-lived w. 
duration of the exposures is short? Or 
under all circumstances? If the obje 


its retinal speed remains about the 
the alternatives. Second, 


atter change was made for the en 
the form of the responses is that o 
aves. Is this form caused by the fact that the 
are such responses short-lived 
ct moves across a wider area, while 
Same, results may decide between 
of the responses actually grows as 


if the size 


Record V, Responses to one long exposure of a 


bright j 118 rhe line 
moves from tight to lef j moving line, (The li 


t.) 


the object approaches the fixation mark, and as its cortical —— 
tion moves toward the foveal region of the visual Senken . tia 
IV may be interpreted in terms of cortical localization. For Ithough 
details remain unknown, the part of the Visual Cortex which 1 a 188 
the occipital electrode ies u 


must correspond to the foveal region of the visual 
field, including the fixation mark. From this Point of y; 


i if 1 Si were maxi view, it would not 

be astonishing if responses were maximal when } bi : 

a inci he f et Object Passes this 
mark. But convincing proof of the fa would tend 


i i 5 to show that the 
currents of our records really issue from the 


Vortex. Otherwise 
o The widening of the movement in terms of visu; 


by showing the moving object at a shorter distance 


Was achieved partly 
et. 
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what is known about localiza- 
e in this respect would be greatly 
ded movement, the currents were to 
ds of recording. The posi- 
remain unchanged. 

Je movement makes it impos- 
record. In Records V to VII, 


why should their behavior agree with 
tion within this area? Our evidenc 
improved if, with a far more exten 
show the same behavior during longer perio 
tion of the active electrode must, of course, 

The vastly increased duration of a sing 
sible to repeat exposures in a continuous 


of a bright moving line, (The line 


g exposure 
from right to left.) 


es to one Jon 


Recorp VI. Respons' 
moves 


most half a minute to cross the field. For one such 
ally have confidence in the process of recording; 
and may also be reversed, if the time of 


it takes the object al 
period, we can gener 


but drifts will go too far, | that limit 
recording is greatly increased beyon¢ 1 esna 1 
The paper speed of the recorder is the same in Records V to VII 


as in Records I 1010 But the galvanometer of this instrument is now 
replaced b à an element with a lower response time (about 0.04 
second) wile in this fashion distortions of the shape of the responses 
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are reduced, it may be regarded as a disadvantage that, after the 
change, rapid fluctuations are recorded which do not appear in eae 
I to IV. Since they swing and do not seriously obscure the recording 0 
the steadier flow, no attempt has been made to eliminate them. After 
all, they may partly originate in the brain. 

The signals above these curves 
moving object. They were 


1 77 r 15 the 
indicate crucial positions of a 

3 
made by an assistant who watched the 


Record VII. Responses to one long e. 
line move. 


Xposure of 
s from left to right. ) 


a bright moving line. (The 
object and closed the circuit of an electromagne 
positions were reached. The signals are 
cannot be greater than 0.3 second, In 
have also marked by means of Photoe 
bright object itself, and with other automatic devices 

Records V to VII give a much clearer y 3 
investigation than can be obtained from the Preceding cur, ie 
first place, the length of the responses is now greatly > ake <a 
viously because the object moves across a much wider field. ane A 
seen correspondingly longer. In Record V, 888 8 E bre * 
constant polarity, and of the same directi as in Resta: T = IV, 


1 tic marker when those 
slightly retarded; but the error 


mite recent experiments, we 
ectric cells activated by the 


lew of the currents under 


for insta 
on 
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slightly more than the time during 
are the distance between the signals 1 
the responses are not much shorter. It fol- 
rds I to IV have been short-lived only 
object have been short. Second, it is now 
bject occupies foveal or parafoveal posi- 


persists for 30 seconds, which is 
which the object is seen (comp 
and 4). In the other records, 
lows that the responses in Reco 
because the exposures of the 
quite obvious that when the o 


Renn VIII. Response to an expanding object. 
arly strong. (In Records V and VII, signal 
hich the bright bar just arrives at the fixa- 
tion mark, and signal 3 to the moment at which the object has just 

v In Record VI, signal 2 indicates the position in which 
the fixation m in the middle of the moving bar.) Outside this 
region, the flow throug the leads decreases either gradually or more 
abruptly. This is, of course: the form which responses must exhibit if 
the currents of the records issue from the visual cortex, and if, while 
the object moves: they migrate first toward, and then again away from, 
the region under the occipital electrode. 


tions responses are particul 
2 refers to the moment at W 
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Actually, correlation with facts of localization within the visual cor- 
tex seems to go still farther. The responses 
with regard to the fixation mark. In 
decreases by about 20 microvolts 
tion mark and moves from one h. 


are clearly not symmetrical 
Record V, the size of the deflection 
as soon as the object reaches the fixa- 
alf of the visual field into the other. In 
Record VI, a much more striking decrease of the response occurs in the 
same region. In neurological terms, therefore, the intensity of the cur- 
rent which passes through the electrodes is greater or smaller, depend- 
ing upon the hemisphere in which the cortical object moves at the 
time. Now, in Records V and VI the object moves from the right to the 
left periphery of the visual field, which means that its cortical counter- 
part moves first in the left and then in the right hemisphere. Thus the 
records show that deflections are greater in the left hemisphere. But this 
is the hemisphere in which they must be expected to be greater, if local- 
ization within the visual cortex has any influence upon the records. 
For both electrodes are placed on the left side of the median plane. 
Record VII corroborates this interpretation of Records V and VI. In 
Record VII, the object moves in the opposite direction, from the left 
toward the right periphery, and its cortical counterpart frora the right 
into the left hemisphere. The electrodes occupy the same positions as 
before. It will be seen that while this record is also asymmetrical, its 
asymmetry has the opposite direction. There is hardly any Sangeeta so 
long as the object moves through peripheral parts on the left side of 
te ation marion ts soe ences he et approaches 
5 5 ee a : ly slowly as the object 
8 the a periphery and its cortical counterpart moves in 
> left hemisphere. Again srefore A Š 
panie ite deste When ped bien ane fi 1 
p 5 8 i al object moves in the hem- 
isphere corresponding to their location. o 
Records VIII, IX, X, and XI show 
when the object does not move in th 
experiments, a small bright figure appears in the region of the fixation 
mark, and then expands to the right and to the left until 
extends across the field. In all four records, an abrupt deflecti s 
when the object is first shown, and begins eee 
a response which can readily be understood 


‘creases on 


that responses c 


an also be obtained 
e usual sense o 


f the word. In these 


Several records which are reproduced here show a ph x 

we did not give much attention when these carly records — to which 
end of the exposure or immediately after the object has disan 5 en. Toward the 
to be a smaller second deflection which has the same “ae Miste ence 
response. Further experimentation has left no doubt that this 11 5 the original 
genuine after-potential. After-potentials are p Phenomenon is a 


articularly obvious; 
S re s 
VII, and IX. in Records V, VI, 
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the visual cortex. For, from this point of view, the cortical object now 
appears at once near the occipital electrode. Later, when the bound- 
aries of the object move toward the periphery, while its center 
remains stationary, the size of the response decreases, more strikingly 
in Records VIII and IX than in Records X and XI. Such a decrease 


100 uv 


4 seconds 


Recorp IX. Response to an expanding object. 

if the responses actually represent object currents 
assumption. For, according to this assumption, 
the lines of flow which pass through skull and scalp, and then enter 
the “active” electrode, obviously issue from the middle of the cortical 
object. This part of the flow will be relatively strong so long as the 
object is narrow; but its intensity must be reduced when the object 
expands, and when at the same time the electrotonic obstruction 


gradually grows. 
The polarity of the curr 
other curves. Potentials at 1 


is to be expected 
in the sense of our 


ents is the same in these records as in the 
maximal response vary between about 25 
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and 40 microvolts. Naturally, in these experiments the flow persists for 


less time because the exposures are shorter (note spacing of the sig- 
nals). 


We do not, of course, claim that, on the basis of these records alone, 
the thesis of direct pattern currents must be accepted. It will be the 


task of more than one laboratory to decide precisely what the records 


4 seconds 


Record X. Response to an exp: 


anding object, 
mean; and the number of possible interpret 
reduced only if, in the future, conditions of 
more widely varied. 

Apart from the assumption which has led to our ex peri i 
interpretations of the records ought to be considered? en Seat 

1. Since the records were taken while contours mae 1 isan ; 
visual field, it might be suggested that the subject’s eyes fell nese the 
contours, and that, in some fashion or another, the owed these 
caused merely by such eye movements, I very m Sponses were 


uch q 5 
this interpretation is tenable. Apart from the fact that a sett pe 
rs subjec 


ations can gradually be 


experimentation are far 


Wolfgang Köhler 225 


is unlikely to make major eye movements when an object slowly moves 


across the fixation mark, the thesis is not compatible with records taken 
It is by no means difficult to 


when eye movements actually occur. 
his eyes from one faint fixa- 


obtain responses when the subject moves | 
tion mark to another. Nor is it necessary for this purpose that one 


electrode be placed near the eyes. Nevertheless, some eye movements 


4 seconds 


Recorp XI. Response to an expanding object. 


rtain positions of the electrodes are avoided. 
s are placed on the dorsal part of 


Jane, and on the same side of this 
ard or downward is easily 


give responses only if ce 
For instance, when both electrode 
the head, quite near the median p 


plane, any major movement of the eyes up 
registered. But with the same position of the electrodes there are no 


responses when the eyes move horizontally. Now, this is precisely the 
position in which the electrodes were placed when Records I to XI 
were taken. Consequently, whenever our subject moved his eyes 
horizontally, this movement as such could not show in the record. 
Presumably, any eye movements which the subject made were in the 
direction in which the object moved, and then back to the fixation 
mark. Thus, while the present interpretation could perhaps be applied 
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to Records I to IV, in which the object moved vertically, it is not 
acceptable in the case of Records V to XI, w 
in the horizontal dimension. 

2. Is it possible to explain the res 
galvanic reflexes? If this were the right 
would be only the remote c 
would issue from the scalp r 
inclined to regard this sug 


here we moved the object 


ponses as records of psycho- 
explanation, visual stimulation 
ause of such responses, and the currents 
ather than from the visual cortex. We are 
gestion with considerable skepticism. In 
the first place, the latency time of psychogalvanic reflexes is known to 
be quite long, about 2 seconds in the case of visual stimulation. No 
delays of this size are observed in our experiments, if the object 
appears at once near the fixation mark, and its cortical counterpart 
near the occipital electrode. When using a higher paper speed and 
automatic marking, we find that under such circumstances responses 
always begin within a fraction of a second. Second, this interpretation 
is at odds with our records inasmuch as the size of the responses ap- 
pears to depend on facts of localization within the visual cortex. For 
instance, if the currents do not originate in the visual cortex, why 
should responses tend to be stronger when the cortical object moves 
ding to the Place of the occipital elec- 

3. We have been asked whether the currents could not issue from 
the retinae. We hesitate to believe th 


at they do. The spatial relations 
between the two retinae and the tw 


} © Projection areas of the visual 
cortex are by no means simple. There is no obvious reason why direct 


currents with sources in the eyes should spread to the projection areas 
in a way which agrees with those complicated relations pee et, the 
responses appear to be related to the Positions which the est oc- 
cupies in the projection areas. Tam also assured by experts dint en . 


as the electrodes are attached to the dorsal part of the head they will 
hardly be affected by retinal currents, i y 


4. As a last possibility, we 
records can be explained in ter s 
one part of the visual cortex afte fe raii bject 
moves across the field. Among the rival interpretatio, brig. 1 55 
consider, this is probably the most important, badass we sain 
defended only if the term “nerve impulses” jg now ee bs can n 
broad sense. In referring to enV: impulses, We * 

° Since this was written, responses quite analogous to 
I to IV have also been obtained when the object Moved in 
(12). The location of the electrodes was the same as in th 
Records I to IV refer. 


those shown in Records 
the horizontal direction 
© experiments to which 
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events which occur in fibers and in their most immediate environment. 
From these impulses we distinguish their fields which, we admit, 
spread farther. The distinction has a strong influence on our thinking. 
There are theories which deal with nervous function in terms of nerve 
impulses in the narrower sense only, and practically ignore their fields. 
But nerve impulses and their fields can hardly be treated as separate 
entities. If I understand the situation correctly, the nerve impulse is a 
current which originates when surface properties at one point of a fiber 
differ in a certain fashion from those at other points. This current flows 
partly in the fiber, but necessarily also through the surrounding tissue; 
and the latter part, the field of the impulse, belongs to this impulse as 
much as does the flow within the fiber. 

The field pervades the tissue as a continuum. But it is also only the 
field which could have any effect upon electrodes attached to the scalp. 
Hence, if the responses in our records were caused by nerve impulses, 
the volume through which their fields spread would be enormous, 
because it would include both skull and scalp. As a matter of prin- 
ciple, this implication may not be particularly disturbing; but, if 
it were accepted, we should perhaps no longer say that impulses 
are propagated in fibers. The expression would be too seriously 


misleading. 
More in particular, the thesis which we are now discussing might 
could be assumed either that the 


be given one form or another. It 
impulses which are supposed to cause the responses are synchronized, 


or that their temporal relations approximate a random distribution. 
In the former case, the thesis would be entirely compatible with our 
records as such. The instruments which we are using would not dis- 
tinguish between a steady potential and a very rapid sequence of 
synchronized short-lived fields. At first, it seems therefore quite pos- 
sible to maintain that the responses are caused by synchronized nerve 
evertheless, this explanation meets with a difficulty. I sus- 
d impulse fields actually reached the 
surface of the head, their occurrence would already be a well-known 
fact. Ever since Berger's discovery, experimenters have often at- 
tached electrodes to the parts of the head at which our electrodes were 
located. Surely, many attempts have also been made to register electric 
oscillations which might appear when the subject sees a bright object. 
For this purpose, the amplifying systems must have been adapted to 
virtually all frequencies which have to be considered when impulses 
are being recorded. So far as I know, no persistent and well-defined 
s have been found under these circumstances. And yet, if the 
hronized, why should they not appear 


impulses. N 
pect that, if such synchronize 


oscillation 
impulses in question were sync 
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in records? Voltages of more than 20 microvolts can readily be 
registered with any good amplifier. Thus it seems doubtful whether 
there are such synchronized impulses. I will admit, however, that fur- 
ther tests are desirable. 

Can records such as ours be explained by the action of non-syn- 
chronized impulses? Since this question refers to a 
situation, I am not confident that the 
pose that, under the influence of un 
area of the retina, impulses 


most complicated 
following answer is correct. Sup- 
iform stimulation in a restricted 
arrive in the cortex with random temporal 
relations among the potentials of individual fibers. From a macro- 
scopic point of view, it might be argued, the statistical result would be 
an approximately steady potential in all parts of the active region. The 
fact that under these circumstances action potentials in some fibers 
would temporally coincide with after-potentials in other fibers need 
not seriously affect this conclusion, since after-potentials are supposed 
to be weaker than action potentials, But if non-synchronized impulses 
establish a steady potential, then we must also expect that a steady 
field or current develops which spreads through and around the active 
area. In other words, if this interpretation were accepted, the hypothe- 
sis of pattern currents, which we have tried to verify, would be ac- 
cepted at the same time, although a special assumption about the 
origin of such currents would be added. As has been said before, we 
zan think of several ways in which the electromotive forces of pattern 
currents might originate. The problem arises only if there are such 
currents, and, since in this respect the outcome of the present specula- 
tion seems to agree with our own thesis, I have no reason to raise 
objections. 

It is interesting to note that, on this basis, satiation can also be given 
a satisfactory explanation in terms of nerve impulses, The main point 
sense, i j e DeLAS or external currente : a 
important than are the events in E e —— e ee 
(macroscopically ) steady potenti vont maintained bythe 


al of non-synchronize: 
puls 


7 S d nerve im- 
s would assume the distribution which has bee 


n discussed above. 


° We can, of course, ask why 


have been found if there are a answer is, first that wi 
coupled amplifiers only inadequate symptoms of a stead A most condenser- 
and, second, that indications of a steady flow are likely 1 can be registered; 
there seems to be no reason why such a flow should ihn T au e ee e 
quite correct to say that no evidence of direct currents 15 t may also not be 
under such conditions. Jasper once obtained curves with 15 ever been found 
short visual stimulation which resemble the Short deflections upon 
esponses in our 


kind, no direct currents 


more Persistent re 
own records (6). 
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It would circle around the contour at which two areas of different 
potential are in contact. If one of these areas is surrounded by the 
other, and if the surrounded region is smaller, the density of the cur- 
rent would be maximal in this region, irrespective of its level of 
activity. More particularly, it would be maximal also in a circum- 
scribed “black” region which is surrounded by “white.” Now, a steady 
flow polarizes the tissue through which it passes, and since the intensity 
of the resulting electrotonus grows with the density of the flow, the 
obstruction would be greatest within the area of circumscribed objects, 
whatever their brightness may be. This is, of course, the same explana- 
tion of satiation as has been given above. 


Quite apart from questions which refer to the nature of satiation, is 
the present interpretation of our records actually tenable? Others are 
much more competent to answer this question than I am. In fact, I 
should like to assume a reserved attitude with regard to most explana- 


tions which have just been discussed. So far as my own views are con- 
cerned, there is a particular reason for caution. Our problem is closely 
related to many others. If it were really demonstrated that pattern 
vision is a matter of continuity physics, then we should be seriously 
tempted to believe that this holds also for analogous facts in other parts 
of psychology. Just because I realize that we are dealing with a major 
problem of psychophysics in general, I feel inclined to move slowly. 
It may be that the cortical correlate of pattern vision has now become 
accessible to experimentation. But we can not yet be sure that it has. 
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DISCUSSION 


DR. LASHLEY: I attended the dedicat 
at Dyea, Alaska. The road to the bridge for nine miles was blasted 
along a series of cliffs. It led to a Magnificent steel bridge, permanent 
and apparently indestructible, After the dedication e e. I 
walked across the bridge and was confronted with an i snetrable 
forest of shrubs and underbrush, through which on] 5 ci 6 5 5 
of bears led to indeterminate places. In a Way, I bel 1 os 72885 
Köhler's position is somewhat that of the bridge. He as i TO oe 
aware, presented only a very smal] Part of an enorn 3 ne ‘of 
material which he has accumulated and he has not Sauce oe the 
completeness and ingenuity of the field theory which h T 4 — he - 
This field theory is at the Present time, I am sure, tl iS oa developed. 
cepts which ties together the Phenomena of Visual A 5 Only set of ea 
meaning to them. Nevertheless, I am at a loss Pine and gives 
development of the theory will lead, See where further 

Sensory effects conveyed to the corte 
of discrete nervous seals The field theor: 
spatial distribution in the cortex and the electric 
ey give rise. Motor activity is also certainly the nomena to which 
efferent impulses to the muscles. The neurological ee of discrete 
part, if not entirely, the translation of the Proble 


ion, three weeks ago, of a bridge 


A 8 Certainly in the form 


is based upon their 


m is in large 
ent pattern of impulses 
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into the efferent pattern. The field theory in its present form includes 
no hint of the way in which the field forces induce and control the 
pattern of efferent activity. It applies to perceptual experience but 
seems to end there. Dr. McCulloch has been inclined to regard the 
phenomena dealt with in field theory as smear effects to be disregarded 
in the development of our concepts of neurological function. Dr. 


Kohler, on the other hand, has minimized the importance of neuronal 
discharges in the integrative functions of the cortex. I hope that we can 
find some way of bringing these two points of view together, because 
I feel that both deal with genuine phenomena which are significant 


for understanding of behavior. I wonder if Dr. Köhler would say a 
word as to the road beyond the bridge? 

DR. KOHLER: The question “What next?” does not disturb me much 
at this moment, because if my evidence were accepted, we should im- 
mediately have to deal with almost too many problems. Some, as 
Professor Lashley rightly says, refer to the relation between our well- 
established knowledge of nerve impulses and the thesis that cortical 
function is, to a degree, a matter of field physics. Since my beliefs 
concerning nerve impulses are fairly orthodox, I do not wish to deny 
that further investigations will have to clarify the connection between 
impulses and steady potentials. In this respect, it seems, we need not 
expect great difficulties so far as the relation between afferent impulses 
and cortical currents is concerned. It may be a harder task to discover 
how a current pattern in the cortex gives rise to centrifugal impulses, 
and how the distribution of such impulses depends upon that pattern. 

Always assuming that further experimentation will verify my main 
thesis, unemployment in this field is also not to be expected because 
of the following questions: Is it true that the spatial characteristics 
of visual patterns depend upon functional relations within the corre- 
sponding pattern currents? If it is true, what precisely are the func- 
tional relations which determine the shape, the size, and the grouping 
of visual facts? Since visual space has three dimensions, can a satis- 
factory account of visual patterns in three dimensions also be given in 
terms of pattern currents? What, in such terms, is a stroboscopic move- 
ment? Is tactual and kinesthetic space a matter of direct currents as 
visual space seems to be? Is it right to suggest, as I did many years 
ago, that cortical currents inscribe their own patterns on the tissue 
through which they pass, and thus establish memory traces? 

Once the existence of pattern currents has been proved, all these 
questions and many others will have to be answered. Under the cir- 


cumstances, I am less afraid of not having a sufficient supply of further 


questions than Iam of not finding men who can answer them. For such 
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men will have to know not only psychology and neurophysiology but 
also parts of physics with which, unfortunately, not many people are 
now familiar. 

DR. VON NEUMANN: I am repeating a question I asked earlier, and 
perhaps Dr. Köhler will give his answer to it. The question is whether 
these figural after-effects might not be interpreted as a reorganization 
of the visual picture effected by the visual brain. It would not be im- 
plausible to assume that those regions of the picture recognized as 
relevant have an inflated representation, and those far less relevant, a 
contracted representation; and therefore that the detail will be greater 
around contours than away from them. If this is true, it necessarily 
leads to distortion of the field in which the region around the contour 


is magnified, and the other regions demagnified, and would lead to dis- 


placements in the field very much like those demonstrated by Dr. 
Kohler, 


DR. KOHLER: So far I have said little about the explanation of figural 
after-effects in terms of pattern currents and their electrotonic action. 
Since Dr. von Neumann now raises this issue, I Will try to indicate in 
what direction the explanation seems to lie. First of all, extension in 
visual space is surely not determined by geometrical conditions alone. 
For instance, if the cortical counterparts of three equal visual objects 
are separated by two equal distances in the brain, the corresponding 
visual distances need not appear equal, They would appear equal only 

sides of the central cortical object 
were the same. In this case, the distribution of the pattern currents 
would be symmetrical on both sid factor which disturbs 
this functional symmetry would make istances look different. 
Thus, if the conductivity of the tissue were lower on one side of the 
central object, the flow on this si 
on the other side would be intensified, a 
Visually, this asymmetry would be 
asymmetry of the two distances, The dis 
objects are less intensely re appear longer and the diš- 
tance across which functional inter ion i intensified would appear 
: ; RS: en, before the presenta- 
tion of the three objects, an Lobj 2c in the area heh oer two 
ject raises the impedance in its place 


nt. As a con T 

a Sequence the currents 

l — rents of 

Re bjects which are afterw ards Presented Must assume an abnormal 
a an abnorma 


distribution. There will be more current on the unaffected side. and 
less between the cortical objects which ighbors of res = 
region. Functionally, these objects are therefore Tes E 
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than are the central object and the third object, and in the visual field 
the distance between the former appears greater. This means, of 
course, that the cortical correlates of facts in visual space are functional 
rather than geometrical relations. Geometrical relations in the brain 
determine spatial relations in vision only to the extent to which func- 
tional relations in the cortex depend upon those geometrical facts. The 
main point is that such interrelations do not depend on geometrical 
facts alone. Any change in the conductivity of parts of the visual cortex 
will affect visual sizes inasmuch as that change causes distortions of the 
currents which pass through those parts and their environment. It seems 
that vision does not distinguish between redistributions of currents 
which are brought about in this fashion and certain others which follow 
actual changes of retinal images and their cortical counterparts. So far 
as vision is concerned, only the redistributions as such seem to count. 

It follows that there is no constant geometry of visual space. Visual 
space depends upon the visual processes which happen to occur at a 
given time. In a way, such processes build their own space from one 
moment to another. This cannot, of course, prevent us from formulating 
the general principles according to which the space-building is done 


in each case. — : 
ut the complications with which 


Let me add a further remark abo 
is tempted to say that prolonged presence 


of an Lobject lowers the conductivity of its cortical area and of 
adjacent regions. Actually, the change appears to be mainly an increase 
of the polarizability of the tissue in question. From a functional point 
of view, the difference is quite important. For, if the conductivity of an 
area is lowered, the intensity of a current which passes through this 
ecreased. On the other hand, if the same area assumes 

arizability, a test current will be weakened only 

high degree which is now 


we are here confronted. One 


area is at once d 
a higher degree of pol 
as its own flow polarizes the area to the : | 
possible. This takes a certain time. For this reason, the size of a figural 


after-effect depends not only upon the intensity of the “satiation” 
which has been established in a certain region but also upon the way 
in which test objects are shown. When the exposure of these objects 
is quite short, say, a small fraction of a second, their displacement is 
smaller than it is when they are shown for longer periods. In this sense, 
test objects play an active role in establishing figural after-effects. 
When test objects are presented for several seconds, ane can sometimes 
actually see how the figural after-effect grows during the first few 


moments. , 
DR. LORENTE DE NÓ: There are 2 few points that I would like to men- 
tion. As a nerve physiologist, I am, of course, inclined to explain 
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everything in terms of the observations one makes with nerves, and I 
don’t encounter, in my mind, any great difficulty in explaining figural 
after-effects as a consequence of the activity that has gone on in the 
For example, one thing that must 
of visual phenomenon is the fact 
ation in a neuro-anatomical sense. It 


an anatomical one, because when the 
afferent fibers from the geniculate body 


through very long distances which 


lapping of the fibers, If, therefore, 
projection, since a point of the perip 
iologically to a zone in the cortex, tl 
centrate the activity, to channel the ir 
This activity may leave a change in 
will affect the transmissio ater, and this may 
ight explain figural 
but in my own mind, and in 


my ignorance of these problems, I c ; 
of the residual effects of the activi 


found a very interesting after- 


cortex, but in the first sensory station of the cochlear fibers in the 
acoustic nuclei. I took as a test object the reflex contraction of a muscle 
—the tensor tympani—(the whole process took place 
centers in the medulla), and th 


a given intensity was presented to the e 


everal years ago, I 
acoustic system, not in the 


the ténsor tympani 
to a certain dura- 
a further lengthen- 


any further difference, The tone can 


ill be about at th 
succession of pulses of tone can give the same re 


tone. I don’t remember the figures exactly, 
produce a cycle of activity, and then 
more impulses. This can be described as an after. effect and might be 
very similar to the after-effects in the cortex, 

DR. KOHLER: I did not understand 
localized. 

DR. LORENTE DE Nó: The reflexes are in the prim 
and the nucleus of the tympani. The Process 
lowest center of the acoustic system; the midbra: 


quite clearly where this effect is 


ary acous 
takes pla. 
in and ot 


tic nuclei 
ce in the 
her upper 


Discussion 285 


centers have been destroyed. But the point is the very interesting 
potential changes to be recorded from visual exposure. From locking 
at your records, I don’t see any reason why they are not perfectly 
legitimate records, and why we are not now in the presence of a new 
phenomenon in physiology. The process is of much slower duration 
than we have used, but we have not looked for it. As to the possibility 
of its being discrete impulses, I think that Dr. Gerard will agree with 
me that that could be a very real possibility. I would be inclined to 
believe there was something else, but it could be. Dr. Gerard will 
probably mention something about the study of potential fields now, 
because he found them, but I would like to mention that the processes 
in nerve cells and in nerve fibers are not all as abrupt as we are ac- 
customed to believe. There are also various slow processes in nerve 
fibers. In an isolated and excised nerve out of the body, there is 
absolutely no intervention of any external thing, but one can have 
ha period of one oscillation every fifty seconds 
h slower. These are probably conditioned by 
and that can go at an exceedingly low 


changes in potential wit 
or sometimes even Muc: 
changes in metabolic activity 
rate. 

pr. KOHLER: May I repeat that 
effects in terms of impulse activities mee 
When a black object has been shown on a white background, satiation 
proves to be maximal within the area of the black object. We can 
hardly derive this fact from the behavior of nerve impulses as this 
term is commonly understood. But, as I said before, the fields of nerve 
impulses could strongly satiate the area of a dark object. 

DR. LORENTE DE NO: As to whether electrotonic phenomena could be 
blamed for the establishment of long lasting potential differences, Td 
like to refer the question to Dr. Gerard to see whether he agrees that 
this is a possibility. Changes in the metabolism, due to intense activity, 
may produce a change in the potential field, and might very well be 
the mechanism of explanation for the potentials you are recording. In 
saying that, however, I do not deny the possibility of their being due 
to envelopes of impulses, put I doubt whether they are. 

pr. GERARD: Again I see a certain amount of history repeating itself. 
It is somewhat to the shame of physiologists that the spontaneous 
rhythm of the human brain was discovered by a psychiatrist—the 


Berger rhythm. When these slow, ten-a-second waves were first proved 
to be there (and they were at first universally doubted by physiologists, 
until Adrian repeated Berger's work), we were faced with the problem 
of how potential waves lasting tenths of a second could be built of 
action potential spikes lasting a thousandth of a second. The first in- 


an interpretation of figural after- 
ts with a certain difficulty. 
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clination of most workers was to interpret these slow waves as nothing 
but the envelopes of action potential spikes appropriately distributed 
in a regular time pattern. The argument flourished for 
that view has now been pretty universally given up; 


ated brain of the frog. 
that couldn't possibly 
e complex reverberat- 
tilation. Any such cir- 
and off flashing lights, 
e preparation, and yet 


ing impulse patterns. Yet they persist after mu 
cuits, like the rotating commutator turning on 


would have been destroyed in the course of th 
the waves remain. 


The ordinary slow brain waves have not really been satisfactorily 
interpreted, though they could well be oscillations of the somatic po- 
tential. I, personally, cannot see them as associated with discharges, 
per se; but if they are, then they must still represent waves of potential 
change primarily within a cell body, although spreading electrotoni- 
cally, as Dr. Lorente de Nó has said. In that Case, of course, they re- 
main analogical, not digital, phenomena, in the sense of the discussion 
of the other day. 

Now, again, it is not a physiologist, but a psychologist who has had 
the courage to try a reasonable gamble and look for his still slower 
changes directly in the human brain. I am much inclined to think that 
he has found them. The first question, then, is whether those slow 
potential drifts are themselves envelopes, either of action potential 
spikes or of altered somatic potenti i 1 


al Oscillations in roups of cells 
n " s ups of cells 
activated through impulses. Dr, Köhler was properly e draw- 


ing a positive conclusion in the Present state of the evidence. I would 
be similarly cautious, but am inclined to agree with hi oe = 
for regarding these as something diffe. Pe preciectl 
There are several experiments thz velope. 
will fairly rapidly resolve the proble 
you may already have done, Dr. Köhle 
fidence in the interpretation. Tha 
occipital region and see whether, 
field and therefore, presumably, the ste. 


ectrodes on the 
licht across the visual 
ady pattern across the occipital 
S when a Potential moves along 
A possible source of error occurs to me, though I think j 
that one can get potential changes jn Neural syste ink i 
in vascular caliber. We were once badly fooled 
electrode in the cat's brain which turned out to 


t unlikely 
ms just from changes 
by rhythms from an 
© pulsing vessels, yet 
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not a direct mechanical pick up. There is vasodilation in the visual 
cortex with light, and this possibility should be kept in mind. 

The fact that fairly steady and spatially extended semi-uniform 
potential fields exist in the nervous system normally is now, I think, 
established beyond equivocation; both in isolation and in vivo, both 
in the frog and in the mammal. That these potential fields can be 
altered by the physiological state of the system is also, I think, certain. 
The question is, as Dr. Lashley implied with his bridge story, whether 
one can go on from the changes in potential states to clearly attendant 
changes of function, whether at the level of behavior or of central 
awareness. I can merely give you some evidence supporting such a 
relation. 2 

At a psychological level, of course, you all know that conscious 
effects are easily produced by passing constant currents through ap- 
propriate parts of the head. In the cat or frog brain, with a properly 
oriented potential one can at will initiate or stop the extremely regular 


rhythmic potentials, whether these are static or traveling along the 
hemisphere. By polarizing with currents, certainly of the order of those 
which could be produced physiologically, one can initiate wave trains, 
or can block out trains, or can change their amplitude and frequency. 


Recent work by Libet and myself has carried these experiments 


further. 
Leao found that local jrritation of the rabbit cortex will lead to a 
slowly spreading wave of suppression of the spontaneous electrical 
se line, rather large nega- 


rhythm with, superimposed upon the flat ba : r 
tive spikes. One can follow the wave across the cortex with a series of 


electrodes and observe both the d-c and the a-c potential of a given 
cortical area. The functional state and the d-c potential are sharply 
correlated. The latter changes first and reaches greatest negativity 
when the brain waves die out. It then moves sharply positive, during 
the period of spiking, to an acute peak and more slowly subsides. 

Application of strychnine also leads to great d-c changes. 
These potentials, which are steady or change slowly over minutes, 
are tremendous things. The ordinary brain wave potentials are under 
100 microvolts, even convulsive ones rarely reach a millivolt; but the 
d-c potentials in these cases run to 30 or even 50 millivolts—a twentieth 
e full magnitude of the membrane poten- 


of a volt! These ap proach th 
e fibers, and they show eariy the temporal and 


tial of nerve or muscle A ear! i 
spatially quasi-constant variety which changes in time and characteris- 
tic positions in space. It is hard to believe they are not highly important 


jn neural function. 


Köll En: The experiment suggested by Dr. Gerard has not yet 


DR. 


238 Relational Determination in Perception 


been done, although it is on our program. Surely, when both electrodes 


are placed in positions which correspond to parts of the visual cortex, 
a moving object ought to cause a diphasic response as it passes first 
one and then the other electrode. We postponed this experiment be- 
cause, with such a short distance between the electrodes, differences 
of potential would probably be quite small. We preferred to begin 
with situations in which our chances of obtaining reliable responses 
would be greater. But Dr. Gerard is quite right; if under those con- 
ditions diphasic responses were actually found, they would strongly 
Support our main thesis. In the same connection, it will be interest- 
ing to see what happens when brightness relations in the field are re- 


versed. One might expect that in this case the polarity of the responses 
would also be reversed, 


DR. GERARD: One thing worries me 


If it does invert, you are pretty safe; but it might not invert, be- 
cause it is the edge between light and dark which is critical, so you 
might get the same effect with either pattern. 
DR. KÖHLER: This is indeed possible. Other 
told me that reversal of brightness rel 
the responses, and that, therefore, 
this test. Even so, the te 


about that inverse experiment. 


experts have also 
ations may not greatly affect 
we should not rely too much on 


j est must be made, The result may tell us 
something about the origin of our responses. In this respect, I 


should like to add that the electromotive ces in question need not 
be caused by electrotonic action, as Dr. Lorente de Nó has 
pointed out, they may be so caused. Once the currents are established, 
they must, of course, have electrotonic effects which are equivalent 


for 
although, 


to changes of local impedance, 
DR. LORENTE DE NO: That is perfe 
DR. 1 I think oo it would take too Muc 
rived the origin of these currents 
I derived t. g rents, way, the flow msi OF 
course, be established by the arriva 3 
DR. MCCULLOCH: I have for ye 
after another of the crucial experiment Edler frst pie 
posed. They are startling, They were, to Me, also surprising when I 
repeated them fairly recently. I am Puzzled by one thing ia 1 
i ik ‘a 
into this summer, and I would like to toss it in. I would like 8 
= d 
° More recently, diphasic responses have actually been 
Tecor a] 
circumstances (12, page 418). ded under such 
+ Since this was written, a more thorough 
it quite clear that, so long as the “inactive 
distance from the visual cortex, a reversal of brightness rel 
alter the polarity of the registered currents, The 
confirmed this conclusion. 


ctly Correct, 


S in the cortex. 


ad a chance, one 
s that Dr, 


ation has made 
a considerable 
he field cannot 
experimental tests have 
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ese alterations, produced in one sense modality, 
lity? Let me tell you a simple 
d on one 16-inch tramping boot. 


to what extent do th 
affect those of another sense moda 


thing that happened. I had just pulle 
An emergency arose, I kicked my other foot into a moccasin and ran. I 


went about with a heavy boot on one side and a moccasin on the other. 
When we got through, I put on the other boot and went to work, and I 
was disturbed for several minutes when picking up two objects, two 
hammers, two dowel sticks in my two hands by finding that the weights, 
as judged in the hands, were thrown out as you would have expected 
had I carried a heavy weight in that hand. Now, that is a transfer to 
quite a distant part of the body. I am wondering whether a lot of 
these effects may not be something comparable to optokinetic nystag- 
mus, Something has appeared in our world and some mechanism has 
got going somewhere to offset the fixed distortion that we have in 
that world, like the rhythm that a sailor carries in his legs when he 
goes ashore. Those things can have tremendous persistence. They may 
be then due to what I will call a predictive circuit which has been 
set going due to a constancy in our world and is trying to get it 
regulated out. I don't know whether this experiment has been tried, 
but can one by putting one foot in hot water and the other in cold 
water effect adjustment of the hands? I dont know how far these 


effects go. 
The other thing 
this work on studying the e 


I would like to say will take just a minute. In 
ffects of stimulating the cortex locally 


you observe, with a direct-coupled amplifier, the area you have just 
stimulated, and you find that it is electrically negative to other re- 
gions of the cortex and that its threshold, as judged by the local re- 
I] signal thrown into it then, is lowered. If you take 
t on an area of a deeply narcotized animal's cere- 
no little spikes that you can detect with the 
lifiers and no signals kicking around that area 
just strychninized. Then the area begins to climb electrically, many 
millivolts negative, and, as it goes up. the cells in it begin to discharge. 
At its height of negativity come the fully developed strychnine spikes. 
I don't think there is any question but that one gets these effects 
hen one excites the brain, whether by afferent impulses, 
trical or chemical stimulation. If you drive an area 
and remains electrically negative during the period 
his fits in with Dr. Köhler's findings. 

It is a most interesting question to what degree 
arts remote from the center of original satia- 
nse modality to another has so far been 


sponse to a sma 
strychnine and put i 
bral cortex, there are 
maximal gain of the amp 


every time W 
or by direct elec 
hard, it becomes 
of facilitation. I think t 

DR. KÖHLER: 
after-effects occur in p 
tion. No transfer from one se 
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observed. Our very technique in testing kinesthetic after-effects 
seems to prove that there is little , 
the other. This does not, of course, prove that more remote parts of 
the brain are never influenced in this fashion. After all, if visual 
currents can reach the surface of the head, they are likely to spread 
quite far within the brain. The same would probably be true of cur- 
rents which originate in the postcentral area. It is therefore possible 
that remote after-effects will be discovered in the future. 

Dr. McCulloch’s observation refers to transfer within a given 
modality. After carrying different weights on his feet he found that 
objectively equal weights appeared different to his hands. It seems 
to me that, as a matter of Principle, this effect allows of two differ- 
ent explanations. Either this actually is a case of transfer; or the 
effect is caused by the “balancing reflexes” which, unde 
tions, affect even remote muscles. If for such re 
and hands receive different innervations 
may, of course, soon be establish, 

DR. WEISS: What would happe 
yellow, let us say, on a blue 
same luminous intensity? 
phenomena? 

DR. KOHLER: So far as pattern currents 
experiments have been made, Figural after-effects, on the other hand, 
have been obtained when the object and its environment had the same 
brightness, and differed only as to color. Jam under the impression 


that such effects tend to be weaker than those obtained with striking 
differences as to brightness, 


DR. LIDDELL: I would like to ask Dr. Köhle 
tion of some interest to me which also relates to Dr. Lashley’s preoc- 
cupation. Here again I see, in my own case, his jë Beat in g itself, 
because in Pavlov's ill-starred atte xplain . — a Wü 
cally (the neurophysiology being m. head) “a A MA 
irradiation of negative tactile con ma red ror 
of the skin, he claimed to hay : > to adjacent spots 
acoustic analyzer also. We h 
in the tactile analyzer. In his Physiologie 
of internal inhibition and its irradiation, We remer 
rophysiologist of Pavlov’s time was Concerned with the inhibit f 
the heart by the vagus nerve, and Sherrington’s ne 10 8 0 
and now there are the various manifestations of cortio 1 ae a 
of activity. I would like to ask Dr, Köhler how he os Suppression 
ceed, in going from sense modality to sense mo dality, having seen 


or no transfer from one hand to 


r such condi- 
asons the two arms 
new localized after-effects 
ed in these parts. 

n if in your e. 
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Would you ex 


Xperiment the line were 
d they were both of the 
pect the same electric 


are concerned, no such 
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a particular neurophysiological manifestation, namely, these constant 
currents? I think those of us dealing with such detailed phenomena in 
conditioned reflex behavior, which are practically identical with 
Gestalt phenomenology, agree that his approach will be helpful to us 
working in our field of conditioned behavior. How do you propose to 
follow this clue of the slowly fluctuating cortical potentials when 
you change over to the kinesthetic and tactile fields? 

DR. KOHLER: I do not yet know how our interpretation of pattern 
vision is to be applied to other sense modalities. To be sure, the 
task may be easy in the case of passive touch, where the sensory sur- 
face seems to be projected upon the cortex more or less as it is in 
vision. Under such circumstances, the spread of pattern currents de- 
pends on spatial configurations in the cortex which are, in each case, 
related to the distribution of stimulation on the sensory surfaces. In 
kinesthesis, however, this is not generally true. Of course, while con- 
traction of the muscles of the left hand causes processes in one part 
of the cortex, contraction in the right hand has the same effect in 
another part. But when subjects perceive the width of an object which 
they hold between the thumb and the other fingers. it seems to be the 
degree of muscular tensions on which their impression of the width de- 
pends. For if the width of the object is changed, the same muscles 
are still at work, and only the tension in these muscles varies. Ob- 
viously, it is a major theoretical task to discover how a variation in 
the intensity of certain cortical effects can act as though a cortical 
distance had been varied. I have not been able to concentrate on this 
problem because the investigation of visual currents takes so much 


time. ; 
DR. LINDSLEY: I can only marvel at Professor Köhler's many beau- 
fects. I am wondering whether 


tiful demonstrations of figural after-ette F 
to study patients with scotomatous areas in 


he has had an opportunity H 
which there is a fairly fixed projection of the defect and to take 
note of how that might modify the possible figural after-effect. 
Something that has bothered me, I suppose largely because of 
thinking about electroencephalography, is, how the effects, which are 
presumably manifest in the striate area, are picked up to this extent 
on the head over what must be predominantly areas 18 or 19. How small 
potential changes are transmitted in this fashion is a little diffi- 
cult to conceive. Also I still have a feeling that these potential 
changes might just possibly be galvanic skin phenomena, or polarity 
potentials from the eyeballs. The polarity potential of the eyeball 
may be of the order of millivolts, and we know that in brain wave re- 
i often detected at least as far back as the fis- 


cording, its effect is 
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sure of Rolando. I can’t quite see how this could be picked up on the 
to be certain. One has only to 
1p eye movements in any direc- 
sirable to have records of the po- 
at the same time from the surface of 
ty of galvanic skin phenomena. With 
other possible peripheral effects as 


DR. KOHLER: There have been no expe 


riments with brain-wounded 
subjects, Swarthmore has no medic 


al school. But certain observations 
made by others seem to relate figural after-effects to pathological 
phenomena. If I understand correctly, Bender and Teuber find that, in 
the visual field of patients with circumscribed (cortical) scotomas, 
test objects shown in the neighborhood of the injured regions are 
wrongly localized; they are displaced away from these regions. In 
this respect the functional characteristics of in 
resemble those of strongly satiated areas. One 
that, in both cases, the impedance of the cru 
Dr. Lindsley’s question whether 
could partly be caused by peri 
answer. To a minor degre 
speaking, the after-effects 


jured areas seem to 
feels tempted to assume 
cial regions is increased. 
figural after-effects in vision 
pheral factors is not quite casy to 
e, this may be the case, But, generally 
are far too great to be explained by changes 
in the width of the pupil or by small “ye movements. After satiation 
zan tien Epatterns, subjects may find a line with the objective 
length 7 centimeters equal to an unaffected line with the length 5.5 
centimeters. This may happen when both lines lie near the fixation 
mark, and when the subject observes from a distance of about 2.5 
meters, 
I quite agree with Dr. Lindsley’s Suggestion th 
the position of the electrodes be widely varied, 
DR. KLiver: In connection with Dr, McCulloch's 
ing possible relations between diffe 
I understood correctly, that there is n M te ta 
visual effects, Are there transfer eff, te ina. — 
DR. KOHLER: To my knowledge, | Seren e 
from one sense modality to another has so far been p > a 
DR. KLÜVER: If I remember correctly, there why 5 ted 8 
literature indicating that certain forms of visual Simao pues 
postural changes. I do not recall whe: subjects ie pr aes 
nts wi i n 8 
turbances. The subject was required to stand tees a Thi p 
S. After Prolonged observation 


at, in the future, 
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ating from the vertical the subjects own 
cal. I am wondering whether effects of 
after-effects you have described. I am 
also wondering—and this may seem far afield—whether you consider it 
possible that the phenomena so frequently observed by Goethe with 
closed eyes involved figural after-effects. He often saw leaves or 
flowers undergoing changes in size and shape. In commenting on these 
phenomena he himself called attention to his previous long-continued 
observation of such materials during his study of the “metamorphosis 


of plants.” 
pr. KÖHLER: If I am not mistaken, Dr. Klüver refers to what we 


> In a room in which all normally vertical and 
horizontal contours are turned by the same angle, an actual vertical 
line appears tilted. This phenomenon, which has recently been inves- 
tigated by Asch and Witkin, differs from analogous figural after- 
effects by its often enormous size and by its temporal characteristics. 
One does suspect that the two facts are somehow related; but I have 
not yet been able to discover their actual connection. 


of a wall with stripes devi 
body deviated from the verti 
this kind are related to the 


call “normalization.” 


Brain and Intelligence 


WARD G. HALSTEAD 


Departments of Psychology and of Medicine, 
University of Chicago 


It is apparent to members of this s 
lating behavior and brain functions i 
should prefer to think that this is especially true for the class of 
behaviors known as intellect in man. But it seems that it is also 
true for the simplest unit of ordered behavior recognized by psycholo- 
gists. As long ago as 1912, Yerkes (36) reported that he was able to 
train the lowly earthworm to form a direction habit in exiting from 
one arm of a T-maze. The left arm of the maze contained at its en- 
trance a strip of sandpaper which signaled the Presence of an electric 
grill, located just beyond. The other arm of the maze opened directly 
on a dark, moist environment. Yerkes started his worms at the base of 
the T several inches from the choice point. He found that the habit 
of turning toward the right arm of the T-maze (thus avoiding the grill) 
appeared in twenty to one hundred trials. A three-week rest period 
yielded no loss of the habit. Surgical removal of the cephalic ganglions 
or “brain” of the earthworm did not destroy the habit. In fact, the 
anencephalic worms performed quite wel] until the anterior segments 
began to regenerate. With the coming of a new “brain” the habit de- 
generated. Where were the traces of the habit during the interval be- 
tween the first and second brain? 

A satisfactory answer to one 
commanded the interest of a consider: 


ymposium that the task of re- 
s indeed a formidable one. I 


r of this question has 
nt of biological science 


during the last half century. Some of us are not impressed by the 
progress that has so far been made in our 


: é respective 
wards finding an answer which will account for the 


earthworms. I can only ask your indulgence as I 

analogous problems as they arise at the level of mary 

It is virtually impossible to date accurately th 

our topic. According to the late Professor 

term “brain” is recorded for the first time in human speech in the 

Edwin Smith Surgical Papyrus, which Was transcribed r 
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disciplines to- 
behavior of Yerkes’ 
discuss somewhat 
e beginnings of 
Henry Breasted (4), the 
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from a text which may go back to 3000 . c. This early usage of “brain” 
may also be close to the beginnings of written communication of intel- 
ligence. As Breasted relates of the commentary incorporated gratui- 
tously into the Treatise by an unknown Scribe: 

priceless revelation of the meaning of 
many words and terms which would otherwise have remained hope- 
lessly unintelligible, coming down to us, as they have done, from an 
age when surgery was first creating its technical terms some five thousand 
years ago. The study of the terms is a fascinating revelation of the human 


mind struggling with the first stages of science-building, when even 
the terms it needed did not yet exist, but had to be created, and we 
actually going on. . + + 


watch the process of their creation 
Like the modern scientist he (the ancient) clarifies his terms by com- 
parison of the things they designate with more familiar objects: the con- 


volutions of the brain he likens to the corrugations on metallic slag. 
... A puncture of the cranium is like a hole broken in the side of a pottery 


jar . . . (page xv). 

Not only does the Smith Papyrus contain the earliest known anatom- 
ical, physiological, and pathological descriptions; it also provides 
evidence of some systematic observation. Quoting Professor Breasted 


again: 


This commentary is to us a 


tion of effects on the lower limbs of injuries to the skull 
ancient surgeon with constant reference to that 
side of the head which has been injured, shows an astonishingly early 
discernment of localization of function in the brain—and observation 
which has been more fully developed by modern surgeons only within 

age xv). 


the present generation (b 
s to how the early Egyptians acquired their 


r. The experimental method was probably yet 
ly that, regardless of ancient interests, sys- 
Jate brain and higher mental processes 


The observa 
and brain, noted by the 


There is no record a 
limited insights, howeve 
to be born. We know on 
tematic studies attempting to re 


were first recorded in modern times. - 
A French psychologist, Alfred Binet (1857-1911), was the first to 


succeed in some measure in bringing an operational or quantitative ap- 
proach to the problem of intelligence. His contributions ars probably 
inadequately reflected by the well-known 1.Q. test which bears his 
name. His versatility, keen insight, and intellectual brilliance were 
of such magnitude that he could study their opposites in man with 
penetration. Goddard (3) wrote of him in 1916: “After ten years of the 
Vineland laboratory, it is surprising to find how little we have found 


that Binet had not already discovered.” a 
Binet (3) distinguished between intellectual “activity and intellec- 
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tual “level.” He wrote: Who has not encountered persons who busy 
themselves with a host of questions, have a great deal of information, 
speak of everything with warmth and an inexhaustible supply of words, 
are fertile in views, hypotheses, distinctions, neologisms? Very often 
they deceive as to their true value, They are thought very intelligent, 
while in reality they possess only intellectual activity.” 

Farther on Binet emphasized intelligence as adaptation: “One must 
remember that the faculty of adapting oneself is the property 
of the intelligence and that the power of adaptation is the measure 
of it; it is evident that from this point of view any confusion between 
the activity and the level is impossible,” 

Binet viewed intelligence through the eyes of a biologist. He 


recognized both genetic and environmental factors as contributors, but 
there is little question that he 


assigned the intellectual level to the 
former, 

As to the scale which Binet asuri 
and its subsequent modification by Te I 


t Binet h 
(14) has convincingly demonstrated, th 


changed and may be maximal for the seg 
frontal lobes (about 30 per ce absent. 
Binet's reaction to this rece i 
been to make better tests, His clini 
mit the easy inference—which unfort 
monly today—that the frontal brain } 
Binet’s distinction between 
“activity” has largely been ove 
students of the problem. The 
psychologists to describe by fa 
scales invented to reflect a 


nas nothing to do with intelligence. 
intellectual “level” and intellectual 
tlooked or forgotten by contemporary 
re is a growing tendeney among some 
Ctor analyses the factorial composition of 


wide Tange of intel iviti 
n 3 ellectual activities. 
The obtained factors are then equated with intelligence It is appar- 


ent that the resulting definition of intelligence will de pend to a con- 
siderable extent upon what activities are scaled i i 


form of factor analysis employed. As 
fluences, there is no generally acce: 
gence. Like the early Egyptians 
scientific terms. E esas i 

ince known bio a relates o 
ieee been possible to make satisfacto a Skog i 
level independently of performances or activities Th T: 1 
leaves the problem of intelligence and certai . at this lac 


intellect ar 
ry estimates 
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apparent when we recall that Binet did 


lems “suspended in mid-air” is 
of some imbe- 


not hesitate to discuss the “great intellectual activity” 
ciles (3). I would like to state parenthetically that, if all other 
reasons were lacking, which they are not, the continuing need for 
parameters other than performance with which to specify level of be- 
nt to link the future destinies of 
psychology and basic biology. Lest some of my fellow psychologists 
charge me with being a “reductionist,” I hasten to point out that the 
gain sought is in classes of information. Two independent classes are 


better than one. 


havioral organization is sufficie 


STRUCTURAL CORRELATES OF INTELLECT 

From a morphological point of 
cates that the human brain at birt 
munalities or similarities to other hum: 


its differences or uniquenesses. Nature 
gle basic architectural plan for the human brain which is delivered at 
term in a remarkably constant state of incompleteness. Many of the 
details of this incompleteness were accurately described prior to 1900. 
For example, Flechsig (8) found that different areas of the cerebral 
cortex acquired their myelin sheaths at various periods of development, 
in a definite order. Flechsig’s map of this process is similar to that 
of Vogt shown in Figure 1. Note that at birth the myelination proc- 
ess is relatively well advanced in the primary sensory projection 

hearing and in the primary motor cortex, 


areas for vision, touch, and 
as shown by the heavy stippling. Note further that the degree of mye- 


lination shades off gradually (lighter stippling) into surrounding 
areas until it is conspicuously absent in considerable portions of the 
parietal, occipital, and frontal lobes. Substantial confirmation of 
these essential features of Flechsig’s map has been reported in recent 
years by Jakob (17) in Argentina, by Conel (7) in the United States, 
and by others. 
Conel has repo 
eters of developm 


width of the entire 17 “ 
nerve cells, (3) size of nerve cells, (4) condition of the chromophil 


aulistance: (5) neurofibrils (6) size, compactness of structure, and 
* ? 2 — 
length of the processes of nerve cells, (7) pedunculated bulbs, and 


(8) size and quantity of exogenous fibers. It is of interest that all 
orrelated and that any one, such as 


of these criteria appear to be c i 
myelination, serves as & reasonably good index to that stage of growth 


of the brain. 


view, the evidence available indi- 
h is characterized more by its com- 
an brains at this age than by 
seems to have adopted a sin- 


rted the results of detailed study of several param- 
lition to myelination, namely, (1) the 


ent in add i 
cortex and of each horizontal layer, (2) number of 
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Ficure 1. The myelination of the hum 


aes an cerebral 
which myclinate first are indicated by Coarse dots 9 at birth. The fields 
dots, the next by a gray color, while the Ja Se next 


> xt to myelinate hy 8. 
s ist field t yelinate by fine 
O. Vogt. (After Kappers, Huber, and Cros 1 are left white. 
by, 18.) 


o 
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An important critical attack upon the behavioral significance of 
linization in the brain appeared from the Uni- 


differential rates of mye! 
versity of Chicago Press in 1903. It has received but little atten- 
pecific title, Animal Educa- 


tion, possibly because of a rather non-s 
tion (33). Its author was at the time an assistant in experimental 
psychology in the Department of Psychology of the University. His 
name, now well known for his behavioristic psychology, is John B. 
Watson. Watson employed careful training methods to ascertain that 
the white rat at the age of 24 days can learn associations achieved by 
the adult rat. When he made histological comparisons of their nervous 
systems, however, he found only 20 per cent of the neurons myelinated 
in the 24-day rat. He concluded that the degree of myelinization was 
not correlated with learning ability in the rat. 

The cortex is usually analyzed into six layers, the dominant ele- 
ments of which are shown schematically as though opened up in space 
in Figure 2. Note that the layers are numbered at the extreme left of 
the drawing. The layers are commonly designated further, from without 
inward as follows: (1) the molecular layer containing but few neu- 
rons, (2) the outer granular layer, (3) the external layer of pyram- 
idal cells, (4) the inner granular layer, (5) the internal layer of 
pyramidal cells, and (6) the layer of fusiform cells. This arrange- 
ment is the basic plan of most of the cortex in man, comprising the 
isocortex both at birth and in the adult. Thus far not a single func- 
tion can be attributed with certainty to any of these layers. However, 
Bailey (1) directs our attention to the fact that Lamy Kaus is a 
primary projection of sensory impulses to the 1 — 
layers appear to predominate. It is well known that the pecan 
motor cortex is characterized in the adult by the absence of the granu- 
lar layers. Whether this suggested correlation has any value for analy- 


sis of function remains to be seen. : 

There is one aspect of the general pro ntoge 
siderations might have been of considerable aid. This is in connec- 
tion with ‘nomenclature of the brain. Our misleading term prefrontal 
lobe” would not have occurred had the frontal lobe been designated 
ab initio in terms of those ante hich differentiate last, 
for example, through myelination. . ; 

In addition to the evidence from developmental anatomy © the 
i differentiated areas in the brain, supporting evidence 
had been obtained during the nineteenth century from (1) gross dis- 
section of the brain (2) microscopic studies of brain sections which 
stained differentially, (3) electrical stimulation of the surface of the 
brain in lower animals and in man (conscious individuals), (4) ex- 


blem where ontogenetic con- 


rior structures W 


presence of 
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perimental lesions in lower animals, and (5) clinical observations of 
the effects of injuries to various parts of the brain in man. However, 
none of these lines of evidence had cast light upon the functions of 


| 
1 


90 


BSS, 


(hws 


| Px fh vie 


ferential staining. (After P. Bailey and G. von Sete eet „ 

Urbana, III. University of Illinois Press, 1951, By Permission A 
the unstippled areas in the slide which we h 
these late myelinating areas came to be know; 
suspected by many that therein resided ti aes 3 
included the mind, for soul and mind were used interchan ets a 
in some textbooks of physiology as recently as 1900. angeably even 


ave just viewed. Hence, 
Nas “silent” 


areas. It was 
ne soul. F 


Ward C. Halstead 251 


LESIONS IN BRAIN STRUCTURE AND ALTERATIONS 
IN INTELLECT 


While we have thus far seen no close relationships between the 
cellular components of the brain and discrete units of behavior, there 
remains the possibility that larger masses of brain elements may be 
directly correlated with larger or “molar” units of behavior. Whether 
we select man or a lower animal as our research subject, there are 
several considerations which bear upon the outcome. Some of the 
more important ones are indicated below. 

Specification of a Unit of Behavior. It is apparent from our discus- 
sion of Binet’s attempts to specify units of intelligence that the task 
is very difficult. There simply is as to what is 
meant by intelligence. On the other hand, there is widespread pro- 
fessional and popular belief that intelligence is one of man’s highest 
attributes. Darwin made intelligence one of the important parameters 
in natural selection which account for man’s strategic position in the 
animal kingdom. He who would explore the relations of intelligence 
to brain structures is first faced with the task of setting up an opera- 
tional definition of intelligence. Lashley resolved this part of the 
problem for the rodent by using habits of various degrees of complex- 
ity as his units of intelligence. The latter are disturbed by cortical 
lesions according to his well-known principle of mass action. But 
whether the principle covers alterations in “level of intelligence as 
well as in “activities” is not yet clear. , l 

Köhler adopted somewhat more permissive units of behavior for 
his apes. But thus far he has avoided bringing his conceptual units of 
behavior to direct test against brain lesions. 

If it be assumed (and this writer is unwilling to make the assump- 
tion) that the I.Q. yielded by the Stanford-Binet intelligence test is an 
adequate test for intelligence in man, then a maximal adult LQ. for 
the scale is possible with about one-third of the total cerebrum lacking. 
It is possible that the principle of mass action holds for the I. O. and 
that the threshold lesion is somewhere in excess of 30 per cent of the 
total cerebrum. However, d clinical evidence, and some 


experimental evidence to b ater, that intelligence level 
in the sense of adaptive cap by lesions in the brain 
of considerably less than 30 p 


no general agreement 


there is goo 
e considered | 
acity is lowered 
er cent. : 

Specification of the Lesion. It is probably safe to say that no brain 
lesion has ever been completely specified. To do so would require 
knowledge that simply is not yet available. Mapping of the lesion by 
histological techniques, usually possible only with lower animals, maps 
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only a visible, structural feature of the lesion. Details of ultra-structure, 
metabolic aspects of synthesis of nucleo-proteins, altered circulatory 
dynamics due to such considerations 
sludging of the blood, specific chemie 
ciated with injury or removal of brain tissue, the temporal course of the 
lesion, and the extent of the Personality trauma are all relevant but 
usually unknown factors. Until these matters can be taken into account, 
we cannot be certain that We are juxtaposing appropriate units of be- 
havior and structure. It has been suggested that the presence of resid- 
ual pathological tissue in some neurosurgical patients will account for 
their lowered level of intellectual functioning, This, I am afraid, repre- 
sents a special kind of mysticism since these same patients are fre- 
quently asymptomatic in terms of mental functions until a surgically 
elaborated lesion for removal of a brain tumor is induced. The further 
argument that such pathological tissue produces bio- electrical dis- 
turbances in the form of asynchronous firing of cellular elements is not 
convincing in view of many well-known cases ¢ 
with intact mentation who have some 
Degree of Linearity of Our Behavioral Scales. Do our psychological 
scales measure equally well throughout the total range of a given 
capacity? This is a question which has plagued designers of mental 
tests since the days of Binet, There js much evidence in the literature 
of psychology which Suggests that, for the normal Population, our 
mental scales are more successful and more linear in scaling the inter- 
mediate range of ability than the extre ertainly reason 
to think that this holds in the re: atient populations. in fact, the 
non-linearity at the extremes of the distri ay he. ee en 
marked here. I believe that Hebb (15) failed to take this factor ade- 
quately into account when he evolved the Principle that: “The case in 
which the fewest symptoms follow a kn : p 


’ ó À own surgical removal is likely 
to be the one in which the truest picture of the effect, or lack of effect 


of the removal is given.” One investigator has interpreted this “prin: 
ciple of economy” thus: “If you do a series of Patients i as 
patients show something and the twelfth one does not the —— e 6 9 
always to say that the twelfth one Was somehow dite F 1 
neglect the fact that he Was really the important Shee = = he 
eleven were something else again and did not e and the other 

I must take exception to this reasoning, W. 
sad state of pharmacology, for example 
erally invoked for assessing the toxicity 
tant question at issue is whether our me sycholog; 1 
or otherwise, describe each of the twelve individuale 8 79 5 


as changes in vascularity or in 
al depletions or alterations asso- 
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. ae ce is begged, either 
we lose whatever on eer eee, ms 5 5 
1 5 agains error our scales a orded and revert 
ey ee a 
5 application of our scales to 

ranges of ability where they can be shown to be reasonably linear and 
hence capable of reflecting gains or losses, due to some focal inter- 
vention, in quantitative terms. As scientists we cannot move faster 
than our instrumentation permits. 
Learning Effect in Repeated Measurements. Another factor which 
tends to limit the sensitivity of mental tests in studies being carried out 
in increasing numbers today is the factor of learning. This factor can 


operate as an unknown even in apparently elegant research designs. 
Where a battery of mental tests is applied before and after some focal 
procedure, the factor of learning may mask a true deficit or accent 
spuriously an apparent benefit. The effect of learning is extremely 
difficult to control or estimate since our only means at present involves 


repetition of the tests in question and this in turn induces a further 
itude. It is probably not ade- 


increment of learning of unknown magn! 
quately controlled by using an unoperated control group which takes 
the battery of tests twice or more. Here, learning effect may be 
compensated for more or less by monotony or boredom—even in 
psychotic individuals. The operated or experimental group, on the 
other hand, may bring increased motivation of a subtle type to bear in 
the post-operative testing. In other words, the character of the task 
(psychological demands) may have changed as a function of the opera- 
tion without revealing the magnitude of a learning effect. 

The degradation process in learning offers a further methodological 
complication. The associated traces may not remain fixed in locus. As 
long ago as 1929 Lashley (20) pointed out that simpler problems offer 
difficulties which are not much greater for animals with brain lesions 
than for normal ones; and, correspondingly, the difficulty does not 
greatly increase with increasing magnitude of brain injury. One of the 
most conspicuous features of learning is the reduction of initially 
complex behavior to the level of relatively simple habits. If much of 
this reduction occurs during the pre-operative test, then the persisting 
habit is simpler than the apparent complexity of the test battery. As 
case of the Yerkes earthworm (36), the habit may shift in its 

during its temporal course. 
ogical problem. 


ecific neural structures 
solution to this methodol 
the factor of learning 
lse employ 


in the 
dependency upon sp 
There is as yet no satisfactory 
Perhaps the time will come when we can specify 
in terms of its chemical and physical concomitants, or e 
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equivalent test batteries that measure the same functions without 
transfer effects. In the meantime, our experimental designs should 
provide for one experimental group which is tested for the first time 
after the focal procedure in addition to an experimental group tested 
before and after, and appropriate contro] groups. 


BIOLOGICAL INTELLIGENCE 


Man’s strategic position in the animal kingd 
least from the unusual range and quality of th 
he is capable, from his Capacity for controlled 
the degrees of freedom through which orie 
maintained. Psychologists wil] See in this statement some of the classi- 
cal chapter headings in psychology; perception, emotional behavior, 
learning, thinking, and intelligence, Possibly less obvious is the extent 
to which these constructs comprise common elements, partially over- 
lapping elements, and unique elements. Ye 
man as organism will att: 
of operational description 
when such details can be » Psychologists may take 
pride in the fact that some ir 
Progress in developing mathematica] tools to aid in this abstracting 
process. Factor analysis appears to be such 
28, 29; Thurstone, 31, 32). While its 
part limited themselves to applic n highly restricted do- 
mains, such as the “psychological,” there is good reason to believe that 


the method of factor analysis is not inherently So limited. Thus there is 
basis for hope that suitable metri : eby more inclu- 


Ics may be found wher 
organisms may be ordered by this method. 

Recent progress in the analysis of human intelligence appears to 
give substance to this hope (11, 12, 19, 29). Laborator A sup 
ported by factor analyses of the dat ndivid als and pa- 
tients with brain lesions have sugges actor the a : f human 
intelligence which involves several dom he org; md TI e four 
factors appear to be differenti; . 


d in the cerebral cortex 

; i z i ebral cortex, 

and hence are interpreted as being biologically important to the sur- 
vival of the organism. This biological intelligence Seems to bear directly 


upon the capacity of man for controlled adaptability while, over a 


lligence as ine 
i es > as a d by the 
intelligence quotient, does not (11, 12, 14). It iş Possible that e 


ng piologie f 
= biological Mtelligence in infra- 
r ise : 
investigations largely remain 


om derives in part at 
e perceptions of which 
adaptability, and from 
ntation can be achieved and 


Proponents have for the most 


ains of t 
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Three of the four factors isolated in analysis of biological intelligence 
appear to have direct neural correlates. The A factor, or capacity 
for abstracting universals or rational concepts, seems to be a general 
property of the cerebral cortex in man that is maximized in the cortex 
of the prefrontal lobes. The cerebral power factor P also seems to be 
represented throughout the cortex, but again is maximized in the 
cortex of the prefrontal lobes. These two factors are disturbed together 
] lobectomies of the frontal lobes wherein the 
cortex is removed along with the white matter. Both factors are spared 
in lobotomies, however, wherein the white matter is destroyed, leav- 
ing the frontal cortex essentially intact. On the other hand, spontaneous 
mild atrophy of the frontal cortex in middle age may first impair the A 
factor and only later as the atrophy progresses come to impair the P 
factor. Such individuals represent the obverse of clinical depressions. 
There may be no flagging of intellectual drive and ambition in the face 
of mounting judgmental incapacity. The mild clinical depression, prob- 
ably as a direct function of the substrate, is associated with an acute 
drop in the P factor with only a more gradual restriction of the degrees 
of freedom for the A factor. It seems quite probable that analysis of 
neural nets will cast important light upon the special neurophysiology 
of the A and P factors (1, 23, 85). Theoretical advances in model build- 
ing have already been forthcoming. It might be mentioned that the 
recently announced science of cybernetics directs much of its attention 
to elucidation of the A factor (34). It is of interest that designers of 
digital and analogous computing systems as models of the nervous 
system apparently assume a constant or critically regulated power 
supply for their models. Since it is quite unlikely that man is a closed 
energy system, cybernetics will undoubtedly have to make provision 
for the P factor as a dynamic vi 

The D factor is the particular modality or avenue through which 
intelligence is situationally exteriorized. Depending upon its degree of 
organization, it is formative upon the behavioral outcome. Influences 
organized around either perception, response, Or both may affect or 
even control the variance. A verbal agnosia resulting in alexia may 
deform biological intelligence on the receptive side for written symbols 
while a verbal apraxia resulting in agraphia may impair the expression 
of biological intelligence via written symbols. Some of the agnosias and 
apraxias seem to result from focal lesions in the cerebral cortex ( Niel- 
sen, 24). The cortical representations of others are as yet unknown. 
Any truly operational description of intelligence must include among 
its necessary and sufficient conditions provision for an organized 
avenue or modality for exteriorization. 


in unilateral or bilatera 


ariable. 
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It is the fourth factor in biological inte 
difficulties in finding its neural correlates. The C factor, or organized 
experience of the individual, is the memory factor in intelligence. It 
constitutes the organized framework of the 
“new” experience is tested. It may 


which produces total or Partial a 
increased intracranial pressure o. 


lligence which poses special 


amiliar” against which 
be disturbed by a blow to the head 
mnesia. It may also be disturbed by 
r with advanced age. The selective 
action of traumatic amnesias, differential effects of hypnotic inhibition, 
and the selective impairments of experimental anoxia in normal sub- 
jects support a view of the C factor as comprising three types of mem- 
ory: immediate, intermediate, and remote, 


It is possible that immediate memory is a function of reverberating 
neural circuits activated by a perceiving neural network. But we must 


remember that such memory is normally of brief duration. Under 
optimal conditions of viewing motion pictures, for example, motion 
constancy breaks down for most normal subjects outside the limits of 
about twenty to thirty frames Per second. If clear memory for each 
frame persisted as long as one second, the motion picture as we know 
it would be perceptually intolerable. However, Persistence of imme- 


diate memory trace for tones and click stimul; i 
stimuli has variously been 
reported from 2 to 12 seconds, 7 


THE A FACTOR 

If we apply a simple category te 
responses around such princi 
color, to individuals with focal brain lesi 
normal individuals, striking quantitativ 
differences are shown in Table J. 


st which re 


: quires the ordering of 
ples as size, bright 


Ness, position, number, 
Ons and to a control group of 
es emerge. These 
al and non-frontal 


AVERAGE Score ON CATEGORY 


Tesr FOR Con 
FRONTAL LOBECTOMIE > AND Non-vronray Lona, Chour, 
Py iiaia ECTOMIES 
N = 30 N =29 
Frontal Non-frontal 
Controls Lobectomies Lobectomies Significa : 
Average Average Snificance of Difference, P 
XI X: X; XI. x, — 
37.22 94.50 72.30 i= 9005 XI. X; Xs 


57278 t= 1.20 
P 
0.00 po Qos P. 2 0038 
lobe injuries are differentiated from 


the norm 
though the former are more so, 


al or contro] group, al- 
If we analyze the recurrent location of the lesions which produce 
D pr adau! 
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the greatest differentiation noted above, we find the areas blocked 
out in Figure 8. It will be recalled that these areas correspond fairly 
closely with those regions of the brain and of the frontal lobes in 
particular which undergo myelination and other developmental 


changes relatively late. 


or common lesions in neurosurgical patients 
ical intelligence, reported by Halstead (12). 


Ficure 3. Showing the composite 
with greatest impairments of biologi 


The category or grouping test as a whole consists of 336 items 
divided into nine subtests. These are presented serially by means of 
a projection apparatus. The modality or D factor considerations are 
kept to a minimum throughout by requiring differential response by 
means of four keyed switches. A chime and a buzzer instantaneously 
signal right and wrong choices. In this respect the test breaks with 
the customary pattern of thinking, for alas! no “bell” or “buzzer” sig- 
nals the path of straight thinking to us normally. In other respects, 
however, the test does require the comprehension of essential and 
recurrent similarities in the presence of apparent differences, and vice 
versa. Since our earlier report we have had an opportunity to apply this 
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i roup of 

m a severe concussion, a 5 
i ill an giants cith 

> à group of chronically ill patients 5 = 

i i ri vith va 

diseases as brucellosis and essential hypertension, a group w 


Per cent errors 


E F 
Groups 
A = Controls D = Chronic disease 
B = Specials E = Endocrine disease 
C= Mental illness F= 


Brain disease 
Ficure 4. Comparison of percentage of error 


arious 
s made on category test by 5 
diagnostic groups of patients. For explanation, see text; see Table II for distri 
ji tions of errors by subtests, 
; P ified 
endocrinological disorders such as myxedema, and a group with verified 


organic brain lesions or disease. How does the abstraction factor A 
8 9 + S- oe 
stand up when examined in such individuals? TI 


ne most convenient 
ntitative criterion for us is the relative number of errors each group 
mak From nearly 200,000 responses, Pproximately 50,000 or one- 
fou A re errors from the standpoint of the test. If errors occurred 
fourth we e basis, then each subgroup Would be expected 5 
on a ree the 811075 or 16.7 per cent. Any significant deviation above 
oe below il expectancy would presumably 
or b 
n Bors 4 is shown the distribution of the: Sior mada iy dhe 
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various subgroups. Note that the normal control group made but 6.3 
per cent of the errors while the group with verified organic brain dis- 
ease made 20.5 per cent, with the other groups falling in between. It 
is of interest that these intermediate groups behaved more like the 
known brain injury cases than like the normal control groups. That 
this difference is not attributable to the fact of hospitalization is safely 
indicated by the inclusion in our normal control group of orthopedic 
and obstetrical cases with comparable periods of hospitalization. Nor 
does the formal intelligence quotient account for the difference since 
none of the subgroups differs by the standard error of the psychometric 
test employed. Education background and economic station in life are 
adequately randomized in the subgroups so as to eliminate these from 
consideration. We appear to be forced, then, to turn to the nature of 
the category test to account for the obtained differences. 

In the first place, the content of the test, although diversified, is 
simple. Very similar material has been made effective in the monkey 
(13). Is there something about the test which in effect asks a different 
question of the normal control group than of the other subgroups? 
This is, of course, the difficult question. Unfortunately we cannot 
answer it by asking the subjects directly. For verbally reported intro- 
spections on the abstracting process have, in our experience, proved to 
be thoroughly unreliable, not only for our severely impaired brain 
injury cases but for our normal individuals as well. This is probably 
no less true for the prestige introspections of men who have established 
eminent reputations on other grounds. It is the method of introspection 
which is inadequate. The language processes are rarely, if ever, directly 
coupled with the abstracting process. Abstraction is, of necessity, pre- 
ason that the aphasic patient may show no 


linguistic. It is for this re 
ss although he can verbalize no 


impairment of the abstracting proce 


part of it. 
We can, however, examine the ways in which the various subgroups 


distribute their errors On the nine subtests of the category test. This 
should give us some indication as to whether grossly different ques- 
tions are involved. For example, it could be that the test is simply too 
long for all but the normal individuals and that “fatigue” or “boredom” 
intervenes to produce increasing arrays of errors. If we examine the 
actual percentages of e 
of the subtests, as shown in Table II, we see that no very striking dif- 
ferences are apparent. The control individuals distribute their errors 
throughout the test much in the same way as the others. In fact, on the 
ast subtest, where fatigue might be expected to be greatest, 
nce in percentage of errors is present for any of the sub- 


rrors made by the various subgroups on each 


ninth or | 
no true differe 


0 
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TABLE II 


Suowixe DISTRIBUTION OF PERCENTAGE oF Errors on CATEGORY TEST 
ACCORDING TO Diacnostic Groups 


Category 

Suber 0 Sp. AI. I. C.D. O. B. D. 

1 0 0.2 0.1 0 0.3 

II 7.2 3.5 3.8 3.5 3.5 

m 11.3 14.8 17.3 19.9 15.2 

IV 1741 14.4 15.6 15.2 14.8 

v 15.3 20.6 15.3 15.7 16.7 

VI 5.9 13.0 8.8 9.7 11.4 

VIL 21.4 14.3 17.3 14.5 15.1 

VIII 12.7 9.4 12.2 10.8 12.8 

IX 8.9 9.9 9.5 10.5 10.2 


groups of individuals. Of course, the fact that it is the last subtest 
might induce goal expectancies which would counterbalance fatigue 
in this particular instance. But then we note that the control group 
made 21 per cent of its total errors on the seventh subtest in compari- 


son with 15 per cent for the brain-damaged group. The evidence 
provided in Table II seems to indicate th: 


at much the same yardstick 
is being applied to the various groups of subjects. Wherein arises the 
differences in performance? 

Perceptual difficulties cannot account for the 
ject is always able to describe the items in det 
brief memory seems to be ruled out by 
test which is a recognition test. Our ev 
ferences arise in direct Proportion as th 
subjects. At various times the norm 


failures since the sub- 


al subjects seem to ignore very 
obvious dimensions of the stimulus configurations, They usually begin 
the test by isolating some stimulus di i 


successful performance. But 


when this initial cue proves to be but an incidental rather than a neces- 


sary element of the task, they may persist for Several items in projecting 
their initial assumption onto the materials. In this ri 

to differ only quantitatively from the br 
this difference is all important, They do 
aspects of the situation and, hence, discover 
attributes among the ambient dimension 
earlier stage. Ordering of their behavior rence to test stimuli 
is at once more conscious and insightful, involving active effort. But 
lest we consider these latter qualities characteristic of the normal in- 
dividual, let us examine another type of ordered behavior wherein the 


at a much 
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normal individual generalizes as blindly as does our most severely 


brain-injured individuals. 


SCHEMATIC FACES AND AFFECTIVE BEHAVIOR 


Some years ago Brunswick and Reiter (5) undertook an interesting 
s in normal individuals. They 


study of certain physiognomic stereotype: 
employed ten judges. Using the method of paired comparisons, they 
asked their individuals to match up certain personality traits with 
schematic outlines of faces. Out of several hundred comparisons, they 
were able to isolate a dozen or more relatively strong schematic faces 
which were commonly associated with personality traits. It occurred 
to me to apply such materials to the study of human brain-injured 
individuals, Professor Brunswick kindly made available to me photo- 
graphic negatives of his originals. From these I selected nine faces for 
purposes of my study (Halstead [11], Figure 212). Three of these 
faces had been found by Brunswick and Reiter and also by Samuels 
(26), working with Harvard students, to be strongly associated with 


such desirable personality traits as gayness, good character, intelli- 


gence, beauty, youth, et cetera. Five of these faces, on the other hand, 
had been found to be strongly associated with such undesirable per- 
sonality traits as sadness, ugliness, bad character, unintelligence, and 
old age. The other face, J9, was found to be psychophysically neutral, 
being chosen with equal frequency for desirable and undesirable traits. 

Over a period of several years we have had an opportunity to study 
the responses of several hundred individuals to the schematic faces 
presented to them by a modification of the method of limits. The 
extent to which ordered behavior of a certain type with reference to 
schematic faces occurs among our subjects is shown in Table III. Here 
the percentages of various subgroups who selected the schematic faces 
according to desirable (D) and undesirable (U) are shown for each of 
fourteen traits. Thus 86 per cent of our controls chose one of the 
expected three faces as being the most gay where chance would have 
yielded but 33.3 per cent. On the other hand, 95 per cent of them chose 
one of the expected five faces as being the most sad when chance 
would have yielded but 55.6 per cent. Note also that our brain-injured 
cases and our severely neurotic patients matched gayness and sadness 
in a very similar way- In fact, if we look at the various pairs of per- 
sonality traits shown in this table, we are impressed by the striking 
similarities rather than the differences in the grouping behavior. 

In this type of behavior, our normal individuals are just as irrational 


as our brain-injured individuals or as our psychiatric patients. It is 
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difficult to see that such ordering behavior is on other than a blind 
basis. It seems quite unlikely that the child is born with an a priori 
notion that the distance between the eyes, the height of the forehead, 
the length of the nose, and the location of the mouth, the four varying 
elements in this series of faces, are invariable attributes of gayness, 
intelligence, et cetera. It is much more likely that the child quite un- 


TABLE TIL 


AFPECTIVE EQUIVALENCE IN GROUPING 
A RDING TO P: 


Scurmatic FACES 
ERSONALITY CHARACTERISTICS 


Subjects 
Characte Controls Mental Illness 
N = 102 N = 103 
5 U D U 
Gay 86 | 86 90 
Sad 95 92 87 
Beautiful 92 92 80 
Ugly 92 91 93 
Good character 83 77 80 
Bad character 76 81 76 
Intelligent 68 77 73 
Unintelligent 89 82 84 
Likable 86 | 86 84 
Unlikable 86 85 84 
Young 90 87 91 
Old 89 86 g9 
Energy and determination 60 64 56 
Lacks energy and determination 86 | 86 85 
Chance e: 


-3 per cent; U = 
P < 0.001 0 


55.6 per cent, 


For dey r less, 


tions from char 
consciously makes accidental assoc 


jations wi 
elements. Since these associations 


th one or more of these 


p are Never brought directly into his 
consciousness, thus becoming subject to review in the face of con- 


tradictory evidence, generalization takes place after the first few ex- 
periences. From that time on he singles out for attention those associa- 
tions through his daily experiences which match his now built-in 
expectancies. We are not yet clear when this Process begins but we 
have found one instance where a child of four years ten months; 
required but slight translation of the trait names to how this con- 
formity or stereotypy in thirteen of the fourteen judgments 

This situation is not fundamentally different from the irratibial or 
blind learning that takes place when a newcomer begins to take on the 


— —— 


I ˙ꝛĩ 4 a 
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dialect of the community or in the process of identification of the child 
with one or both of his parents. Our groups of subjects are sufficiently 
heterogeneous to suggest that these irrationals are universals, at least 
so far as the western world is concerned. They are no less significant 
and statistically much more frequently encountered than instances of 
insightful or rational categorization. They comprise the social cement 
of society and, like the mason’s mortar, they at once bind together and 
hold apart. I have not yet encountered a brain lesion severe enough in 
man, compatible with viability, to destroy these irrationals, nor have I 
failed to find them in all walks of life. It is this strong projective tend- 
ency to fix upon particular aspects, which we found to occur under the 
more restricted conditions of our category test. Herein lies a clue to the 
nature of the type of abstraction or grouping behavior that yields an 
insightful grasp of principles. The organism works initially less directly 
with the external material than with a priori expectancies. True cate- 
gorization is achieved only when these expectancies have been put 
through a special set of operations in which a redistribution of affec- 
tive loadings or valences takes place. The altered content must be ren- 
dered affectively equivalent. It is this type of work for which the 
organism is perhaps least prepared by its biological heritage. It requires 
deliberation with denial of immediate gratifications. It requires that the 
organism be able to protect its state of deliberation in the face of 
mounting frustration. If the organism is to maintain deliberativeness in 
the face of mounting frustration, there must be an adequate reserve of 
power, cortical or intellectual, for, as much experimental work indicates, 
frustration per se does ask but rather is parasitic 


on it. 


not add power to the t 


FACTOR ANALYSES AND THE BASIC FUNCTIONS 


Considerable help has been forthcoming in recent years from stu- 
dents of factor analysis in the identification of various attributes of 
intellect. The work of the late Charles Spearman of England and his 
associates and especially of Thurstone and his associates in this 
country has converged more and more on the concept of intellect as 
consisting of discrete but correlated functions. Several such functions 
or factors have been identified with reference to particular behavioral 
situations, but as yet the hierarchical relationship of these functions to 
other functions, including intellectual level (Binet), of the organism 
remains unknown. I have elsewhere reported factor analyses which 
support our interpretations of our evidence for the existence of the 
abstraction factor and the power factor in intellect. Additional factor 
analyses of the large bodies of data which we have subsequently car- 
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ed posthumously, as an abstraction factor (29); 
32), and my A factor are the same 
at this is the same factor referred 5 
designated in clinical terms as za 
r has not yet been identified as such 
for this is that appropriate indicators 
ave not yet been employed by them. 1 
in due time as the need for validation o 
actors in terms of biological functions of the 


by Goldstein (9) which he has 
itude. The Power facto 
by other investigators. The reason 
for reflecting its variance h 
will doubtless come about 
postulated intellectual f. 
Organism is recognized, 


THE FRONTAL LOBES AND THE INTELLECT 
We directed our attention at the Outset to those parts of the brain 


opmental criteria Constitute the “new” brain in 
man. A considerable fraction of this “new” brain, we found, is in 
i 


the anterior portions of the frontal lobes, From the results of applying 
a variety of indic: and non-frontal lobe cases, we 
noted that the greatest impairment Was obtained when areas of the 


“new” brain of the frontal lobes were directly involved (12). The 

clinical manifestations of q areas in man indicate that 
k : 

these structures are intimat 


: ne regulation of personality, 
but they do not specify tl in which this regulation is brought 
t extent the resulting alteration 

character as Opposed to other 


indicate to Wha 


is primarily intellectual or cognitive in 


functions. 

It is true that the individu 
may have mild or severe losses in r 
the type of occupation, the earlier thi appears), difficulties 
in organizing and planning, coa i 7 
moral judgments, a heightened tenden 
ish temper and grandiosity, insomnia Without xs 
without insight. But these clinical trai 
adequately analyzed for common and unique factors. 

The results for a variety of our Perimentally controlled indicators 
indicate that damage to one or both Prefrontal lobes is associated with 
several irreversible impairments, Impairments Which are detected when 
the formal psychometric LQ. is normal or even Superior, Functions 
mediated through vision, touch, and hearing are disturbed. Following 
either unilateral or bilateral prefrontal lobectomy, Visual acuity and 


ulsivity, trigger- 
and anxiety 


ts or Symptoms have never been 
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perimetric fields are unchanged, the audiogram is unchanged, and the 
cutaneous senses of the body and of the hands in particular, such as 
pain, pressure, temperature, and two-point limen, are unchanged. 
Nevertheless, certain tasks mediated through these modalities or proc- 
esses are disturbed. Obviously these functions, and possibly others 
which we have not studied in comparable detail, must be disturbed at 
a higher level of neural organization. The evidence available indicates 

tal lobes. It was this body of evidence 


the anterior regions of the fron 
which led me to a gradient theory of biological intelligence, the most 


differentiated aspect of which constitutes intellect (12). 

Lashley (21) has marshalled an impressive array of evidence that 
the receptive areas of the cortex are themselves capable of processes 
of generalization “not fundamentally different from higher intellectual 
activities.” But he is careful not to limit intellect to sensory processes 
alone. His evidence for the rat indicates that visual impressions con- 
sist of organized objects seen against a less coherent background. The 
figure-ground relation appears to be as basic for the sensory processes 
of the rat as for man. This relation is the first attribute of the stimulus 
to be differentiated and is as much a given element of the situation as 
any other attribute or dimension of the stimulus. Discriminative reac- 
tions in all modalities, when analyzed, are found to be based upon 
recurrent relational attributes of the stimulus. In fact, the initial stages 
of learning, both in man and in infrahuman forms, involve a time- 
consuming search for the necessary and sufficient relational cues as the 
basis for adaptive responses. This process of search usually does not 
include all of the possibilities in the situation even in the relatively 
simple material of our category test. In other words, some relations, 
often the effective ones, are ignored. The failure of some relational 
dimensions of the stimulus to register in consciousness accounts for the 
failure of the language to parallel directly the abstracting process both 
in our normal and pathological subjects. When asked why a particu- 
lar response was made to hetero-dimensional stimuli involving color 
as the effective cue, the normal or pathological subject who has re- 
sponded correctly may be unaware or may even deny that color was 
present. Similarly, such dimensions as number, position, brightness, 
size, shape, and spatial distribution may be ignored. The abstract 
process (A factor) involves active scanning and leveling or “landscap- 
ing” of the stimulus. Affective accents or valences associated a priori 
with the physical dimensions of the stimulus must be redistributed, 
some being raised here, others lowered there, until there is affective 
equivalence for the “relata.”® This step requires vernier posturing of 


e Kliiver’s term for specifying the physical as opposed to the relational attributes 
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the organism with a high level of 


attention. The attentional field in this 
phase is broadly distributed 


and hence requires some leveling of 1 
figure-ground relation characteristic of perceptual attention. It is ok 
the cortex were able to throw the central object slightly out of — 
and then bring it back into clear consciousness, This step appears to 2 
necessary for the effective relation to emerge in consciousness, wher 

it gives up identity with a particular stimulus for inclusion in a group. 


, i ar zer Tor 
It is in this sense that the relational attribute becomes the o1 ganizer f 
the category, 


it 
It is unlikely that this Process is a new one in nature. In fact, 1 


ic 
would appear to bear some resemblance to events which may be bas 
to protoplasmic Processes themselves (1S). 


Once the Category is organized 
fluence on th 


phic schema 
vulnerable t 


. ze o in- 
> Its schema exerts an ordering 1 
> ° vo * 
and so on. The building of — 
— > e 1 
much time. Hence the process 


l, the effects of frustration. The Process of perception 18 
fundamentally similar, i 


erentiated by the time dimensions of 
its initial organization ; 


The two stages of Perception and abstraction manifest themselves 
clearly in one of Our indic 


ators, a tactual form board test which we 
ave a substantial loadin 


8 on our A factor. I have de- 
scribed this test elsewhere (11). The form board Consists of ten cut-out 
wooden shapes Which must 


be fitted into their appropriate recesses on 
a rectangular shaped bo 


ard. The subject is never permitted to see this 
material. He is given an initial trial with the 


dominant hand and then 
a second trial with the other 


hand. After this, 
which both hands are used. By the 


a third trial is given 1n 
damaged as well as the norm 


end of the first trial, the brain- 


al subjects Can clearly ; a oe 
; arty identify the shap 
of each block. Yet they have no clear notion or schema for the board 


at this stage. Some learning has usually taken place with normal in- 
dividuals, however, since they usually take less time for the second 
trial in spite of the shift of the task to the Non-dominant hand. A con- 
siderable increment of learning Occurs during this Second trial as 
evidenced by further reduction of time in the third trial. When asked 
to draw an outline of the board, locating the Shapes jn their proper 
place, as they imagined the board to be, following the third trial, the 
normal individual shows that he has developed a good map or e Arti 
schema of the stimulus. This is not the case In those individuals in 
whom the prefrontal lobes of the brain have been removed. This is 
shown clearly in the drawing of subject J. K., bilateral prefrontal 


” Referred to us for study by Dr. Spafford Ackerly, University of Louisville, 
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lobectomy, in comparison with subject J. E., a normal control ie 
5A). These individuals have the same formal psychometric LQ. No 
that the differences do not arise from the inability of either subject to 
draw a square, cross, or triangle, since they did this as part of 15 
aphasia test (Figure 5B). Each of these three shapes is involved in k ne 
tactual form board situation. Subject J. K. had 250 per cent more time 
in contact with the test materials than subject J. E. Yet her drawing 
indicates that by comparison, the resulting schema is fragmentary and 
non-isomorphic, both in its content and in its spatial structure. 

Its incorporation into the central 
a built-in distortion which casts its 
of related beh 


mentally different in kind from that which characterizes the perform- 


ally ill subjects, They project 
mulus relata in the same way 
jury do. Cascading of such dis- 
general state of maladjustment. 
tegories but rather in terms of 
ional learning is blind learning. 


cy towards irrational learning is all too 
strong in the normal individuals. In an open situation unaccented by 


focal rewards or punishments, as exemplified in our schematic face 
situation, the order of irrational learning encountered in our normal 
control individuals, our patients with known brain damage, and our 
psychiatric patients is virtually identical, This fact would appear to 
raise some doubt that studies of irrationals can provide the avenue to 
basic understanding of mental illness, In defining the parameters of 
healthy biological intelligence, the evidence which we Rave examined 
indicates that the cognitive p and their associated rational 


rocesses 

learning towards insightful outcome hold the key to man’s distinctive 
E P 3 

avioral universe, Our evidence indicates 


They do not learn in terms of true ca 


pseudocategories or partials. Such irrat 
As we noted earlier, this tenden 


adaptive capacities in the beh 
that biological intelligence is 
mata from the past, an adequate A f; 


ly di 5 k 

and outward avenues of exteriorization (D) for comated inward 
system is modulated both from within and Without, in a of ie 
experiences on the one hand and the exigencies at the Periphery on the 
other—a biological system with sufficient degrees of Weser es non 
the “future” with the capacity for controlled adaptation and sithok 
undue anxiety. 

What are the necessary and sufficient mech 


anisms in the br. 
bring these events to actuality? Here we a 


ain which 
re deprived of 


relata and 
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must carry out our abstractions in terms of postulated relations. It is 
here that our model building helps, provided there is any hope of 
achieving a model with sufficient relational structure to the brain. 
Some investigators will take heart from the observations of Professor 
Bartelmez to the effect that “so little is known about the particular 
functions of the brain that no speculation can be said to be foolish.” 
With the absence of relata we can be sure that model builders will de- 
sign in terms of their expectancies or personalized schemata. From the 
seventeenth century on we have had numerous examples of mechani- 
cal, electrical, hydraulic, electromagnetic, and, more recently, elec- 
tronic models seriously proposed as the analogue of brain function. 
Yet one looks in vain for a chemical model of brain processes. Some 
time ago I induced a friend in biochemistry® to undertake with me the 
task of setting up a chemical model for mental functions. 


PROTEIN ORGANIZATION AND MENTAL FUNCTION 


It seems that certain relationships to memory and to rational and 
irrational forms of learning become possible if we assume that in ren- 
dering nucleoproteins functional as a result of individual experience, 
an essential act is the transformation of proteins from random to 
oriented, organized configurations. In line with current concepts of 
protein structure and properties, proteins may have fully extended 
chains, the so-called fibrous protein. The protein chains can, however, 
form intermolecular hydrogen bonds, and, depending upon their 
amino-acid composition, may form a folded structure. The globular 
proteins are considered to consist of fully folded chains. The relation- 
ship between fully folded and fully extended configuration of some 
proteins appears to be related to their biological activity (30). Protein 
molecules, by virtue of hydrogen bonding and resonance stabilization, 
can form lattice structures, that is, repeating periodic structures which 
have to greater or less degree the properties of a crystal (25). The 
current picture of the genetic mechanism is an illustration of these 
ideas of protein structure applied to a biological problem. The gene is 
conceived of as a protein, probably nucleoprotein, which has a highly 
oriented, specific structure. In the cell economy, the gene acts as a 
template on which replica molecules are formed (2). In a very real 
sense the genetic apparatus is a memory (recapitulation) device. If, 
in place of endowed template molecules of the chains, we postulate 
the formation of templates as a result of individual experience, then 
some of the present knowledge of chemical genetics may be applicable 


? Dr. Joseph Katz of the Argonne National Laboratories in Chicago. 
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directly to problems of mental function. From this point of view, the 
cell of the central nervous system and the germ plasm have this in 
common, that an essential aspect of their activity depends on the 
presence of template molecules. But in the case of the brain not all of 
the templates are an endowment but rather some arise from external 
stimuli. Organized protein structures are considered to have electrical 
conducting powers which are lacking in random aggregations of pro- 
tein molecules. 

Szent-Györgyi (30) has recently applied such concepts of protein 
organization to the problem of muscle contraction. In accounting for 
electrical conductivity, he postulates that the “actual electrons of the 
protein particle form one common system belonging to the whole 
particle, in analogy to the modern theory of solids in which electrons 
belong to the whole system and cannot be correl 
and that common conduction bonds extend ov 
protein molecules. It is as if in the ordering or organization of protein 
chains, the outer electrons are abstracted from the protein particle 
to form a generalized conducting system. 

As to where the ordering of protein molecules t: 
brain, several possibilites arise 


ated to single atoms,” 
er a great number of 


akes place in the 
including various components of the 
cell and its processes. It seems likely that nucleoproteins are involved 
since the ability to act as a template seems to be fairly well restricted 
to these substances. The possibility of a direct relationship between the 
ordering of protein molecules and certain mental processes arises in 
the observation of Hydén and Hartelius (16) that the protein-produc- 
ing system is poorly developed in psychically disordered persons, and 
that, in certain ganglion cells from the cerebral cortex of the frontal 
lobes of persons suffering from psychic disorders, the amount of poly- 


nucleotides and proteins is markedly decreased as compared to those 
of healthy individuals. 
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DISCUSSION 


DR. LASHLEY: Dr. Halstead’s work represents what is almost the first 
attempt to explore in a systematic Way a great variety of possible 
defects arising from localized injury in the brain. He has been engaged 
for a number of years in devising tests for almost every imaginable 
function and trying them as to their effectivenes 
This seems to me to be the best approach th 
study of such things as frontal lobe 
like. Earlier studies depended pretty | 
defects, without systematic investigation to determine what functions 
may be correlated in the defects produced by localized brain injury. 
This then, I think, is the most promising method of approach to the 
whole problem of cerebral localization that has been made. 


I would like to ask Dr. Halstead two questions with specific reference 
to the study of the frontal lobe 


s. First, whether in a series of patients, 
he has cases which would be crucial for distinguishing between the 
effect of removal of tissue and the effect of malfunctioning of the re- 
maining tissue. In our work with animals, which I said is not wholly 
transferable to man, we have found relatively few deficiencies from 
large lesions in the associative areas. I have come to feel that perhaps 
many of the symptoms which occur in man are the result of mal- 
functioning of scar tissue, of cells which are caught in an abnormal 
environment, rather than of the specific loss of cortical tissue. 

The second question: In surveying Dr. Halstead’s series of tests, I 
felt that those tests which are specific for the frontal lobes, the tests 
which reveal defects only as a result of frontal lobe 
to involve some aspect of visual function. Even the 
is used with blindfolded subjects require 
tactile into visual space. We have found 
the combination of lesions involving 
anterior part of the cortex, not the frontal eye-field alone, seemed to 
produce defects which I am inclined to interpret as defects of visual 
attention rather than as primary hemianopia as interpreted by Ken- 
nard. It is a temporary condition. but it may persist for a considerable 
period. I raise the question whether the defects which differentiate 


s in revealing defects. 
at we can make to the 
deficiencies, aphasias, and the 
argely on chance observations of 


lesion, all seem 
form board which 
s perhaps the translation of 
in work with monkeys that 
the frontal eye-fields and the more 
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the frontal lobe cases are really defects of intellect or merely some ob- 
scure disturbance of visual functions. 

DR. HALSTEAD: Professor Lashley has the obvious advantage of his- 
tological access to his material. Many of these cases are still living, 
and we simply do not know to what extent there is pathological tissue. 
However, on a statistical basis, we would expect such pathology to 
occur with equal frequency among our non-frontal cases. If that were 
the basis for the differences in behavior, I would expect our occipital 
lobe cases and our parietal and non-dominant temporal cases to show 
an equal incidence of such disturbances. This is not consistent with our 
findings in fact. Our series includes one instance of removal of what 
was probably an essentially normal right frontal lobe for an unverified 
aneurysm, in a 35-year-old individual. Post-operative quantitative signs 
of impairment are as marked as in our operated brain tumor and scar 
cases, This would seem to approximate a crucial case. 

Dr. Lashley raises the question concerning the extent to which the 


basic defect in our frontal lobe cases is essentially visual rather than 
intellectual. The distinction is an extremely complicated one methodo- 
logically. It is true that the visual hypothesis appears to fit a consider- 
able part of our data. However, two of the tests which differentiate our 
frontal lobe cases involve auditory discriminations. Unfortunately, com- 
parable data for smell and taste are lacking. The problem is further 
complicated by the failure in our experience of frontal lobe lesions to 
disturb such obscure aspects of visual function as the ability to relate 
physiognomic cues to personality trait names. It may be significant that 
Lowenfeld found it necessary to distinguish between a “haptic” and a 
“visual” type in the congenitally blind. It seems clear that frontal lobec- 
tomy does not produce the abolition of any function in the sense that 
occipital lobectomy yields a total and permanent sensory deficit in the 
corresponding hemianopic visual field. Rather, there appears to be a 
diminution in the elaborations of visual, tactile, and auditory functions 
and an associated impairment of intellect. The form of biological intel- 
ligence is unchanged, but the amplitude is diminished. I strongly sus- 
pect that the basic difficulty arises at the level of energetics, or what I 
I have observed the same order of im- 


have termed the power factor. 
nt in such non-neuro- 


pairment to be reversible under focal manageme 
logical cases as pheochromocytomas and myxedemas. The recovery in 
such cases is selective, thus affirming the identity of my factors, and is 
associated with the return of intellectual ability. 

DR. MCCULLOCH: I usually make it a habit to talk to Dr. Halstead 
about the things that worry me, because he is near enough. Therefore, 


I have very little to ask now. I don't think anybody realizes, without 
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knowing him, the enormous number of tests that he has tried, done, 
and discarded. I think what is most amazing is actually hidden by his 
revealing to you what do come out as the positive findings. To me 
the amazing part of his work is the enormous mass of performances on 
tests which are not affected by these injuries to the brain. I wish he 
would say a word on that score, because I think it would be really 
helpful. 

DR. HALSTEAD: It is true, I have groped and roamed over rather a 
wide range in trying to find the types of situations that would present 
special problems for organic brain injury—paper and pencil tests, in- 
terviews, moving picture situations, social environment, and so forth. 
I have not literally lived with these cases, but I have investigated their 
homes and have attempted to find out whether our laboratory findings 
would follow into the cultural situation, I will not feel that I have done 
a proper job until I can more adequately describe the non-equivalent 
situation because I think that therein lies the important clue for build- 


ing an adequate battery of indicators, I hope, sometime, to put this 


material into orderly form so that we can see what the common factors 


are in the non-equivalent situations. 


DR. KLUVER: It is very gratifying that Dr. Halstead 
himself to using the tools of experimental psychology for the study of 
neurological problems only and that he has joined the internist in ex- 
tending his analysis to other disorders. There are indications that the 
significance of nervous factors in various diseases is becoming more 
generally recognized by investigators in the field of internal medicine. 
In fact, Speransky has devoted a whole book to the role 
system in the genesis of pathological processe 
experimental psychology may, in 


does not confine 


of the nervous 
s. There is no doubt that 
some instances, furnish indicators 
which are more sensitive and more precise than other indicators, and 
that such indicators may be utilized in detecting changes when other 
methods of investigation fail 

I should like to ask only two questions. Firs: 
far you want to go in attributin 
myelogenetic data supplied by Fle 
myelogenesis are based on the 
niques, that is, on the occurrence. 
the nature of which remains obscure. It seems that a myelination of 
fiber systems as determined by such techniques does not necessarily 
mean that the chemistry of the myelin she: 


l aths undergoes no further 
changes in the course of developme 


nt. For instance, Weil’s data on 
the chemical growth of the brain of the white rat indicate that changes 


in the phospholipid content and in the amounts of the different phos- 


t, I am wondering how 
Ja functional significance to the 
chsig and others. Available data on 
application of certain st 


aining tech- 
e of chemical processes 


and reactions 


Discussion 275 


pholipid fractions occur at least until the age of 180 days, that is, 
until an age which corresponds to about 15 years in man. I do not 
know of any comparable studies on the human brain. 

Second, Dr. Halstead’s intensive analysis has thrown new light on 
the functional significance of the frontal lobes. A detailed discussion 
of his experimental findings would take us too far afield, but his 
emphasis on the relation of the frontal lobes to intellect raises an 
interesting question. If we consider the history of previous attempts to 
relate different portions of the brain to higher psychological functions 
and to the complexities of human personality, we find that investigators 
at one time or another have assigned the chief role to the frontal lobe 
or to the temporal lobe or to the parietal lobe. A neuropsychiatrist 
returning from a visit to scientific institutions in Europe before the 
war told me that the Psychiatrie Clinic of the University of Vienna 
should really be called a Posterior Parietal Lobe Institute. It seems that 
the occipital lobe alone has escaped since no one has ever seriously 
maintained that it is of fundamental significance for the structure 
of human personality. Why this exceptional “purity” of the occipital 
lobe? Perhaps the data of physical anthropology are of some inter- 
est in connection with the problem whether there is a migration of 
functions towards the frontal pole (von Monakow’s Wanderung der 
Funktion nach dem Frontalende). In studying the phylogenetic 
transformation of the human skull by comparing anthropoids, hominids, 
and man, the late Weidenreich reached the conclusion that it is the 
posterior temporal regions which is 


bulging in the parietal and 
characteristic of the last evolutionary stage. The question remains 
arches concerned with 


why the evidence obtained in various reses 
the role of the different lobes in higher functions and personality 
could be interpreted in such a way that outstanding investigators dur- 
ing the last fifty years implicated the frontal, the parietal, or the 
temporal, but not the occipital lobe. 

DR. HALSTEAD: I feel that it is much too early to know how far we can 
go in relating the train of events underlying the myelination process to 
function. One of the difficulties involved concerns the level of the 
psychological question which can be asked for purposes of correlation. 
For example, Watson found that his 24-day rats with only 20 per cent 
of their fibers myelinated could answer successfully the psychological 
questions which he could put to his adult rats. But the analogue of the 
questions asked would by extrapolation correspond to a mental age of 
about two years in the human being, a stage of development in which 
intellect is not notably conspicuous. I have found some 12-to-15-year- 
old children with I.Q.’s in the neighborhood of 100 to do as well on my 
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tests as highly educated adults, including college professors. oun 
children, on the other hand, have considerable difficulty. This suggests 
to me that some maturation process, possibly including myelination, 
must reach a certain stage for the functions involved in my indicators 
to appear full blown. o 

Dr. Klüver raises the interesting question concerning the historical 
sparing of the occipital lobes from implication in the higher mental 
processes. Paralysis and blindness are among the more dramatic neuro- 
logical defects. It perhaps is not surprising that they came under 
systematic investigation relatively early. Following the lead of Flourens, 
Panizza, and Hitzig, Munk and Schäfer had pretty well established the 
occipital cortex as a trophic center for visual functions considerably 
before Binet even began his work on the nature of feeble-mindedness. 
Thus accidental factors may have played a part. 

However, I do not believe th 


at this is the whole story. There is a 
certain precision and restriction i 


n the defects which result from occipi- 
tal lobe lesions in man which Seems to set this lobe apart. What the 


occipital lobe patient can see he can integrate. The question of intel- 
lectual impairment as such somehow does not arise in the same sense 
that it does, for example, in frontal lobe defects where the patient some- 
how fails to integrate that which he can see, touch, and hear. 

DR. NIELSEN: It was my great privilege in Atlantic City to go 
over this subject with Dr. Halstead over a bottle of ale, and whether 
that facilitated our understanding, I don’t know, However, I think 
that we had a pretty good understanding, Dr. Halstead is the only 
psychologist that I have ever heard of who can tell by his psychologi- 
cal tests that the frontal lobes have been taken off. We have worked 
in a clinical way for a long time and, of course, have had to arrive 
at our own clinical interpretations, but Dr. Halstead is now showing 
us why we have been getting our interpretations. There are many 
cases, in the literature, and we have seen several, in which the 
frontal lobes have either been amputated or completely put out of func- 
tion by tumor, and we have gradually learned how to tell that that is 
the case by clinical examination of the patient. If I may take just 
a couple of minutes to recite one case, you will see how evident it is. 

It is the case of an automobile dealer who had a great reputation 
for veracity and reliability. He was, in fact, so reliable that you 
could take him your car, tell him to sell it and give you a new one— 
and you needed no receipt or papers of any kind. Then he began to be 
ill. First he went into an emotional depression which was interpreted 
by me, erroneously, as simply an emotional depression, I advised a 
vacation of a month, which he took, and he recovered from that depres- 


= SS 
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sion. Then his wife told us that he was losing his agency, that the 
company had investigated and found great irregularities. He had taken 
in cars and had spent the money and given no account of it, and he had 
even denied receiving the cars at all. Not only that, he would get up 
at five o'clock in the morning, go to his place of business, returning 
at seven. When he was asked why he was not at work, he said that 
there was nothing going on over there and nobody was there anyway 
so what was the use of his being there. He would sit all day and listen 
to the radio—something that he had never indulged in before. He 
er to his place of business in the evening, again 
re was nobody there to stay for. When his 
wife asked him about the payroll, he said, “Oh, they'll take care of 
themselves, they'll pay their own wages.” He was completely bankrupt 
by the time of the investigation. His wife brought him to us again 
then, and I was able to say on the basis of his actions that he had a 


bilateral tumor of the frontal lobes. There was a complete change in 
a little pressure shown in the 


tumor and not some other form 
a bilateral tumor of the fron- 
at deal of discus- 


would sometimes go ov 
returning to say that the 


his personality, and by then there was 
eye grounds by which I was able to say 
of destruction. At operation he showed 
tal lobes. We came to the conclusion, after a gre 
sion, that the portion of the brain which is tested in the LQ. tests 
is the portion from area 6 back. The portion from area 6 forward, 
that is, the prefrontal area, is the area, not for the storage of mem- 
ory but for the knowledge of what to do with memory. Therefore, we 
have stated it very simply in this manner. We have two kinds of knowl- 
edge: the simple cognitive knowledge—the accumulation of facts; and 
the other kind—the knowledge of what to do with facts. The latter is 
stored in the frontal lobes. From area 6 back is factual knowledge; 
from area 6 forward is wisdom. And when a man loses his wisdom, there 
is something wrong with his frontal lobes. 

DR. LIN DSLEL: For a long time I have been convinced that in ex- 
perimental psychology and in physiological psychology, we already 
have techniques which could be adapted from their original purpose 
and applied in this way, and I am sure that the stimulation of Dr. Hal- 
stead’s work will direct a number of psychologists into this kind of 
application. I would like to emphasize, though, that in addition to 
the clinical, neuropathological, physiopathological human material, 
we can also seek the biological-physiological basis and possibly the 
morphological basis of certain psychological processes through other 
lines of attack. I am sure that Dr. Halstead will agree that these 
should likewise be followed up and correlated with such results as 
his. I have reference particularly to the phylogenetic or comparative 
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type of developmental picture in animals, and to the ontogenetic or 
developmental picture in man. In this connection, and also in connec- 
tion with his remarks about myelination of particular areas, I would 
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like to take just a moment, if I may, to show one slide which J think, 
in part, may confirm his implication about diff 
in the cortex. I have done the same thing th 
in referring to some of Flechsig’s and Con 


erentiation of areas 
at Dr. Halstead has done 
el’s work in trying to re- 
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late some of the genetic developments in the cortex to what we know, 
at least, of architectonics and myelination. This slide was obtained 
from my own boy, who was born at a propitious moment in 1936, when 
I was starting to record some of these waves. 

The records were taken from the occipital area. For the first 
three months, although there are evidences of activity, there are no 
well-developed or uniform patterns. Between 2 and 4 months and 
thereafter persistent rhythms develop. At that age the rhythm is 
3 per second; it increases to about 6 per second at the end of 
the first year, and from then on rises more slowly until at 10 or 
12 years of age it has reached adult frequency. Dr. J. R. Smith 
(who has done similar work on newborn infants) and I have both re- 
ferred to the possibility that the development in the occipital area, 


as shown in the work of Flechsig and, more recently, of Conel, may 
ith this general type of onset. This is, I be- 
Halstead’s remark about 


bear a gross correlation W. 
lieve, in substantial agreement with Dr. 
myelinization. 


am afraid that I won't be able to contribute 
eme of the symposium on brain mechanisms in 
behavior. However I would like to make a remark which may not be too 
irrelevant. During the first two days of this symposium the reverber- 
ating circuit was emphasized. Many things, from facilitation to mem- 
ory, have been explained on the basis of such circuits. The concept 
of the reverberating circuit is an unusually interesting and important 
one, and it is one of the great accomplishments of Dr. Lorente de No, 
not only to have shown that reverberating circuits are anatomically 
possible, but to have demonstrated, in a great number of ingenious ex- 
periments, that the reverberating circuit is an important factor in 
central nervous facilitation. However, it shouldn't be forgotten that 
there are other ways to influence synaptic conduction. One obvious 
way is the application of drugs which either depress or facilitate 
conduction in neural chains. Drugs can also uncover connections which 
are not functional under normal circumstances. It is well known that 
strychnine plays havoc with reciprocal innervation; motor neurons be- 
come accessible to stimulation, which before the application of strych- 
nine could not be reached. There are present in the central nervous 
system other neural mechanisms which are similarly affected by strych- 
nine. I am thinking of the synapse which connects the first and 
In these structures also connections can 


DR. VAN HARREVELD: I 


anything to the main th 


second ser sory neurons. 
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be uncovered by strychnine which are not accessible in unpoisoned 
animals. 

Dusser de Barenne found that by local application of strychnine to 
the spinal cord a hyperalgesia can be elicited in the relevant derma- 
tomes. When one repeats this experiment, one finds that the slightest 
touch of a hair on the skin may cause a reaction of the animal which 
indicates pain. An obvious explanation of this observation is that there 
exists in the spinal cord a connection between the tracts for touch 
and for pain which is normally afunctional but which can be made 
patent after the application of strychnine. Obviously, this hyperal- 
gesia is present only as long as the strychnine effect lasts. We 
found a number of years ago that, by asphyxiation of the spinal cord 
for an appropriate period of time (around 25 minutes), it is pos- 
sible to change the spinal cord permanently, in such a way that 
touch is apparently experienced by the animal as pain. After such an 
asphyxiation of the cord there develops in the ensuing 48 hours a 
hyperalgesia in the hind legs which is very similar to that described 
by Dusser de Barenne after local application of strychnine, It again 
seems likely that the impulses from the tracts in the cord for touch 
now spill over through unmasked connections into those for pain. This 
condition seems to be permanent. 

Now, isn’t what Pr. Liddell 


does when he develops in his sheep 
and goats conditioned relle 


xes, of the same order as what we do with a 
kind of sledge hammer procedure in the spinal cord? Doesn’t he un- 
cover connections which were there before, but were afunctional? The 
impulses produced by the buzzers and whistles can now reach effector 
neurons, either Secretory or motor, which before were not available to 
these impulses. I feel a perhaps superficial resemblance in the very 
crude way of permanently uncovering existing connections by asphyxia- 
tion and the much more refined method that is used in the development 
of conditioned reflexes. The only possible importance of this compari- 
son may be that it sets forth the hope that, in the future, we may be 
able to understand the mechanisms which are instrumental in unmask- 
ing existing connections during development of conditioned reflexes. 

DR. LASHLEY: I would like to urge caution in the interpretation 
of pharmacological data and their use in explanation of behavior. 
After Dusser reported the spread of excitation or reduction of synap- 
tic resistance as an effect of strychninization, I set up an extensive 
experiment to test the effect of this spread upon the rate of learning. 
I used both strychnine and caffeine, since the two drugs were assumed 
to have similar pharmacological 


action. Under strychnine, rats learned 
twice as rapidly as the normal controls; under caffeine, learning was 
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greatly retarded. The results were statistically reliable and uninter- 
pretable in terms of the supposed action of the drugs. 

I question whether the facts justify the assumption that there is 
an opening of connections between conduction paths for touch and 
pain. Hyperalgesia may follow injury in nerve trunks, spinal cord, or 
thalamus. The evidence for separate conduction for touch and pain is 
not conclusive. There is some indication that the same receptor may pro- 
duce tactile or pain effects, according to the frequency and duration 
of its discharge. The hyperalgesia resulting from strychnine may be 
the result of changes in frequency within a conducting system rather 
than of transfer of excitation from one path to another. 

DR. VAN HARREVELD: In the method of asphyxiation used to produce 
hyperalgesia the spinal cord only is asphyxiated. The periphery re- 
mains normally oxygenated, and it therefore seems likely that the im- 
pulses set up by peripheral stimulation are unchanged. Two mechanisms 
have been proposed for the signaling of painful stimulations. One is 
a high frequency discharge in a pathway normally used for another 
quality of sensation. However, the work of Adrian, McKeen Cattell, and 
Hoagland does not favor the existence of such a mechanism. The other 
is a discharge along a specific pain tract. If the latter mechanism of 
pain signaling is accepted, a connection between the tracts of pain and 
other qualities of sensation has to be assumed to explain the results of 
strychnine application and of asphyxiation. 

5: I don’t think that you really ought to go home without 
, about some of the unexpected things 
that have come up lately in our knowledge of the neuron. We have been 
talking about the neurons as if they were more or less stationary 
fixed things, and this concept has been somewhat shattered. I am go- 
ing to give you briefly the results of the last five years of work. 
You can find the evidence in a paper by Weiss and Hiscoe in the Jour- 
nal of Experimental Zoology, the April 1948 number, where all the ma- 
terial of these five years is summarized. The facts are these: The 
mature neuron, not only the growing neuron, is in a state of constant 
renewal. Protoplasm is constantly produced only from the soma of the 
cell, the nuclear territory, and it is moved into the axon at a rate 
of, roughly, two millimeters a day (for a particular nerve of the rat). 
This movement of the protoplasm in a seemingly solid column serves to 
replace, apparently, the decaying proteins and other protoplasmic sys- 
tems which cannot, like lower molecular compounds, be synthesized lo- 
cally, but have to come from a central production source. There is 
constant breakdown in the nerve fiber and constant renewal from the 
center, What does this imply for the problems we are here concerned 


DR. WEL 
hearing, as a note of caution 
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with? First, if the geneticists are right, there is no divergent dif- 
ferentiation among the genic nuclear systems of the various cell 
types. On the other hand, the cytoplasm of a nerve cell is strictly 
neural protoplasm, different from that of other cell types. There- 
fore, there must occur a conversion of the common primordial genic 
compounds (for example, proteins), as they come out of the nucleus 
and react with specifically configurated neural templates in the neural 
cytoplasm. The cytoplasm would do a recasting and molding job on the 
mother substances coming from the nucleus. This 
with some of the ideas which have been developed at this institution. 
Dr. Pauling’s, for instance, and Dr. Sterling Emerson’s views on the 
effects of antibodies in gene reproduction have a close resemblance to 
this. That means that if we change the templates in the cytoplasm, 


which itself is not reproductive, by any sort of specific external in- 
fluence which can pass into the neuron, such 


ing chemicals or other unknown influences, the 


agrees very well 


nal influence could Specifically alter the 


g change would become 
self-perpetuating, 


A second thing that we have to consider is that the amount of 
synthesis, and therewith the size of the cell, seems to vary with the 
actual size of the functional periphery with which it is connected. A 
disconnected neuron immediately reacts by reduced synthesis; the over- 
loaded neuron reacts apparently (we are not quite sure yet) with in- 
creased synthesis. The cell body of a ganglion cell can shrink and 
swell by as much as 40 per cent. According to Hyden, changes in func- 
tional activity have similar effects. It is inconceivable that the 
line micro- arrangements of terminal connections at the surface of the 


cell remain unaffected by this functional up and down of the cell 
bodies. We must conclude, therefore, tl 


relations and changing anatomic. 
the cell body will also suffer. Therefore 
at the constant breaking and making of the c 
synaptic level of the cell. 

I present these two points because they demonstrate clearly that 
we are dealing, not with a system that is static and rigid, the way it 
appears in the pictures of microscopic anatomy, but one that is sub- 
ject to constant change. 

DR. WOODBURY: We have had severa 


models of the nervous system 
so far, and I have here another. I w. 


ould like to Suggest it for cer- 


— 
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tain types of extremely abnormal behavior. The models during this 
session have been primarily built up of the smaller units—the neuron, 
the fiber tracts, the nuclei, and the other smaller aspects of the 
cerebral physiology. Working as I do with experimental convulsions, 
I have had occasion to use another type of model, or analogue, or 
whatever you wish to call it, and that is of the brain as a whole, not 
subdivided into parts, but considered simply as a giant neuron. It is 
applicable primarily to problems of experimental seizures, but it has 
points not of homology, of course, but of a very close correspondence 
to a single neuron, except that the orders of magnitude of the con- 
stants are different. 

The brain is a unit; it has excitability; it differs from the 
neuron in one important respect—no single direct current impulse of 
any reasonable magnitude or duration will excite it—it requires sev- 
eral impulses. The minimum number is not certain, but it is probably 
two or three at the very least, and they need to be separated by a 
finite interval. Too close a spacing, and you get no excitability; 
too long a spacing, and the excitation between impulses dies out and 
no convulsion ensues. There is a threshold, a value below which the 
brain will not go into convulsions. The threshold varies with time 
and intensity of the impulse, so that you get an ordinary time dura- 
tion curve, or rather a time intensity curve. The shorter the duration 
of the total stimulus (and the total stimulus includes many im- 
pulses), the higher the intensity; the longer the duration, the less 
the intensity; until you attain a theobase for sixty-cycle alternating 
current stimulation. The chronaxie is in the neighborhood of a tenth 
of a second, as compared with much smaller values for the single neu- 
rons. It shows accommodation, very strikingly so—at low frequencies 
the intensity of current required is much greater than at somewhat 
higher frequencies. It shows a lag in excitation very similar to that of 
the peripheral nerve at high frequencies. The only thing is, the time 
constants are strikingly different. There is a period of refractori- 
ness following convulsions, and a recovery of excitability; after 
excitability is rather slow in recovery. After 
a convulsion, plotting time against the extent of normal excitability, 
one obtains a curve that is considerably different in form from that 
of the individual neuron, but shows much the same type of characteris- 


the convulsion, the 


tics. 
The brain has one other thing that is also of interest. That is the 


ability to respond, by multiple convulsions, to a continuing stimulus, 
either electrical or chemical. When the stimulus is a chemical, a con- 
vulsing drug in the blood stream which lasts for several hours, the 
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animal will have one convulsion after another at approximately five- 
minute intervals—a convulsion, a period of refractoriness, a convulsion 
period, etc. This is very similar to the single cell under continual direct 
current stimulation where it responds by a series of impulses, or a series 
of firings. The threshold and other characteristics can be moved 
around by appropriate treatment with electrolytes of one kind or the 
other. Remove the calcium, the threshold goes down; increase the 
sodium, the threshold goes up; increase the potassium in the extracel- 
lular fluid, the threshold goes down. All in all, one can draw a very 
close analogy between the brain 
and the single neuron as it resp xci 
a rather interesting model of th 


e brain responding as a unit. 
PR. WIERSMA: If I understood 


Dr. Woodbury, he made a statement, 
I think, that the chronaxie is about a tenth of a second. Is that correct? 


DR. Woopsury: I do not have with me the exact figure, but it is of 
that order of magnitude, 


DR. WIERSMA: I would like to point out th 
to be making an error similar to that made 
regard to the crustacean nerve-muscle preparations, When chronaxies 
are determined for systems where repetitive impulses 
order to obtain the reaction, one often 
They will depend on the frequency of stimulation, and it is uncertain 
what their relation to the true chronaxie is, if any. We determined the 
true chronaxie of elements stimulated in order to obtain electro- 
narcosis in dogs, keeping the necessity of repetitive stimul 
and we found that, so determined, i 


t was exact] 
elements, namely about one-tenth of a millisec 
a second. 


DR. LIDDELL: I would like to make two comments 
intriguing analogy, we can demonstrate refractorin 
neuron brain in the sheep and goat. If the 
clicks, the sheep flexes at the clicking and then at the shock; if the 
metronome continues after the shock, his single-neuron brain becomes 
refractory for definitely predictable intervals befor 
leg is resumed. Second, may I reopen the rec 
remarks, because I think there may be an unmasking factor operative 
in the experimental neuroses which become Permanently established 
in our animals in consequence of difficult conditioning, The resem- 
blance to Dr. van Harreveld’s strychnine experiment js closer than I 
had realized, in that our animal, when these carefully timed afferent 
volleys accompanying signal and shock are continued for 
develops a pattern of chronic agitation, but moreove 


at in this respect you seem 
by several Frenchmen with 


are necessary in 
obtains pseudochronaxie values. 


ation in mind; 
y that of single nervous 
ond and not a tenth of 


First, on your 
ess of this one- 
metronome Signaling shock 


a time, 
r develops some- 
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thing similar to a hyperalgesia of the trained forelimb. He will flinch 
if the limb is lightly touched. It looks very much as if there might be 
a permanent unmasking of delicate defensive mechanisms, the opera- 
tion of which we cannot demonstrate in the normal animal. 

DR. HALSTEAD: I would like to mention one observation which, it 
seems to me, might conceivably represent the case of a figural after- 
effect sustained by means of a reverberating circuit- If you rotate 
pigeons that are blindfolded you get a rather dramatic nystagmic pat- 
tern that involves the total head. It is very easy to record. Under con- 
ditions of repeated elicitation, the effect will undergo a marked 
reduction. However, the point that I wanted to direct your attention 
to is that after the primary postrotational nystagmus has run its course, 
and following a delay of about 6 to 10 seconds, there may appear a 
nystagmic pattern in which the components are reversed in direction 
and the amplitude of the reaction is reduced. I think that it is entirely 
possible that this may be an example in the realm of the labyrinth of 
Dr. Köhler's figural after-effects. I mention it here, because it would 


be extremely useful if we could explore these figural after-effects in 


infrahuman forms. 
DR. KOHLER: Since Dr. Halstead has just referred to figural after- 


effects, and to possible further applications of this concept, I have a 
good excuse for also returning to this topic. 

Surely, once it has been demonstrated that prolonged stimulation 
causes satiation not only in the visual cortex but also in the post- 
central area, it seems a plausible assumption that similar effects can 
occur in virtually all parts of the brain. There are many facts which 
invite the theorist to give them an interpretation in terms of satiation. 
It may well be that the observations mentioned by Dr. Halstead belong 
in this class. Naturally, it remains to be shown that, under particular 
circumstances, satiation can lead to rhythmic phenomena and also to 
the reversals which Dr. Halstead has just described. 

If satiation accompanies the processes in many parts of the nervous 
system, the fact deserves attention also for methodological reasons. In 
psychology, it is customary to present given situations repeatedly, 
either, as in many cases of learning, because otherwise the level of 
achievement would be too low, or because we wish to obtain quan- 
titative data which are statistically reliable. Now, repetition makes for 
strong satiation, and satiation has an obstructing and a distorting in- 
fluence on events in the satiated area. Hence it is possible that tech- 
niques in which certain performances are often repeated actually 
introduce a factor which distorts and impedes the phenomena to be 
investigated. I can see no reason why satiation should be absent from 
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memory experiments in which long series of items of a given kind are 
read a great many times. We know that under these conditions so- 
called inhibitions are established, and we also know that it is wise to 
space the repetitions in time, if higher degrees of the obstruction are 
to be prevented. Obviously, during longer intervals between repetitions 
satiation would to a degree disappear. From the same point of view, 
we can readily understand reminiscence, that is, the fact that recall 
tends to be better when the test is somewhat delayed. I need hardly 
add that the “position factor” known to all experimenters in this field 
nicely fits into such a picture. Again, items which do not belong to the 
same class as the majority clearly suffer less obstruction than does this 
mass. All inhibitions of this type have proved to be particularly strong 
when the materials given in a sequence are similar. Satiation, one ex- 
pects, would be greatly favored by the repetition of similar processes. 

It is not quite easy actually to prove that such inhibitions are partly 
caused by satiation, because in the field of memory we study the 
Statistical behavior of many items, while in perception we investigate 
satiation in quite specific situations, I will therefore return to the field 
of perception, and try to show that, when the satiating effects of repeti- 


tion are not recognized, certain experimental facts may be completely 
misunderstood. It is a special example which I will now discuss, but 
the general lesson which it contains will be obvious to 
In the early years of this century, Judd in Ameri 
England proved that the Miiller-L, 


any psychologist. 
ca and Lewis in 
Seer" yer illusion is gradually destroyed if 
its size is measured in many trials. At the time, psychologists still be 
lieved that, far from being real visual distortions, such illusions are 
merely matters of mistaken judgment. Thus it seemed natural to assume 
that their destruction in repeated trials was caused by better Terms of 
judging, which developed during the repetitions. In other words, it was 
believed that learning was responsible for the change. This again 
appeared to confirm the thesis that such illusions are bron sht t 
only by erroneous judgments. Actual vision, it was then thou 15 would 
not be affected by learning. Now, Judd and Lewis ala ee —.— 
that, quite apart from learning, another factor was also operating in 
their experiments, namely, satiation. Nowadays, we have to tide of 
this process whenever repeated trials change a Liven observation. It 
happens that, in the case of the Miiller-Lyer pattern, pres ion. 
gradually reduce the size of the illusion, For within the n air 
of the colinear version of the figure, satiation js much Soom a 
it is in the regions toward which the angles Point. As a one har 
the two angles on the side which looks short equence, 


er must move away from 
each other, and the third angle must move toward the middle of the 
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pattern. Thus the difference in the appearance of the left and the right 
horizontal distances, that is, the illusion, must decrease as the subject 
inspects the figure in one trial after another. 

We have recently subjected this explanation to several tests. First, in 
most earlier experiments the subjects were allowed to move their eyes 
while they compared the two distances. Under these circumstances, 
the particular distribution of satiation to which I have just referred will 
be established only as a statistical average. If it is actually satiation 
which destroys the illusion, the process ought to be accelerated under 
conditions of fixation. This we found to be the case. In judd's experi- 
ments, the illusion did not disappear entirely until his subjects had 
made 600 to about 1000 measurements. With fixation, the same result 
was obtained when, on the average, our subjects had made 100 meas- 
urements. And yet, the pattern used in our experiments gave a greater 
illusion than Judd’s figure. I must, however, add a qualifying remark 
and a second observation. If in such tests the illusion is destroyed by 
satiation, then this factor operates independently of the illusion as such. 
Thus there is no reason why in all subjects satiation should be strong 
enough to overcome the illusion completely. The intensity of satiation 
varies considerably from one subject to another. Actually, we found 
that, with some subjects, the illusion first rapidly decreased, but that, 
when this process had continued for a while, the illusion was not 
further reduced by additional trials. While this fact can readily be 
understood if satiation is the responsible factor, an interpretation in 
terms of learning seems much less plausible. 

A third observation which points in the same direction follows from 
f, in some instances, satiation may be too weak to 
in others it may be so strong that its 
destruction of the illusion. With some 


the same principle. I 
overcome the illusion entirely. 
final effects go far beyond mere 
subjects, we therefore continued experimentation when the illusion had 
disappeared. The result was that these subjects soon developed con- 
siderable illusions in the opposite direction. It would be hard to explain 
this fact on the assumption that repetition of trials leads to more ade- 
quate ways of comparing the two distances. Fourth, one can replace 
most measurements of the illusion by periods during which the two 
parts of the pattern are shown in alternation for mere fixation. We 
found it possible to destroy the illusion also under these circumstances, 
although the number of actual measurements was now reduced to a 
minimum. Fifth, when the illusion has been destroyed it tends to re- 
appear as soon as subjects change their position or the direction of 
their eyes with regard to the pattern. This fact, which was already 
known to Judd, is virtually incompatible with the theory that the 
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illusion disappears under the influence of learning. I am not acquainted 
with any instance of learning in relation to visual patterns in which 
the result of the process is localized in this fashion. 

Sixth, it can easily be demonstrated that, after the destruction of the 
illusion, there is a localized pattern of satiation in the field, by which 
the size of the illusion must be reduced. When the illusion had dis- 
appeared, we replaced the three angles by three short vertical lines 
which passed through the apices of the angles. Our subjects saw this 
objectively symmetrical pattern as strikingly asymmetrical. The dis- 
tance corresponding to the originally shorter-looking part of the illusion 
pattern was larger, obviously because on this side the limiting lines 
were displaced away from each other, while the third line was dis- 
placed inward. A seventh argument for my interpretation follows from 
experiments made by Lewis. In some of his experiments, he showed 
the illusion pattern for only one-fiftieth of a second, the method of 
constant stimuli being used in the measurements. Although under these 
conditions his subjects soon found judging easier, the illusion was now 
hardly affected by continuous experimentation. It seems plausible 
enough to assume that, with exposures which are so short, no persistent 
satiation can be established by summation. 

This seems to me fairly convincing evidence. Let me repeat. If this 
happens in the case of the Miiller-Lyer illusion, what right have we to 
assume that satiation does not Operate when, for otherwise admirable 
reasons, we give large numbers of experiments in other cases? In such 
instances, are we allowed to interpret our findings in terms of what 
we consider to be our experimental variables alone? The belief that the 
Miiller-Lyer illusion is destroyed by learning has already led to strange 
conclusions about learning in Seneral—not to mention the fact that it 


has served to support a mistaken theory of the illusion as such. We may 
discover that similar mistakes were made wh j 
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As you know, I did not come prepared to give a formal address but 
am honored that you have asked me for some extemporaneous com- 


ments on the general subject “The Symposium as Seen from the View- 


point of a Clinician.” This would appear to be a relatively simple 
assignment, because many topics of clinical interest have already been 
discussed in the formal lectures and the extensive interchange which 
followed them. However, you will sympathize with me in being dis- 
creet because hasty and impromptu impressions about this vast mate- 
rial could hardly do the subject matter justice. This exploratory learn- 
ing has repeatedly shattered my cerebral organization to the extent 
that I marvel at the durability of the nervous system to maintain any 
identity at alll 

I am especially grateful to 


me, a clinician, although I 


the Hixon Fund Committee for including 
have little apparent membership in this 
group of basic scientists whose attitudes toward the world in opera- 
tion are so different from mine. The members who compose this sym- 
posium possess a catholicity, an over-all view, which augurs well for 
the future of intelligently supported learning. Often parochial attitudes 
are only too obvious, not only at scientific meetings but in universities 
and governmental agencies, S0 that good communication is prevented. 
For example, psychologists who favor statistical analysis often can find 
little good in those who utilize projective techniques, even though it 
oth groups should find ways to bridge the gap 
at this time—the output as compared to 
but we can hope that all skills will 


would seem that bi 
separating them. The return 
the intake—may be quite small, 
make appropriate contributions. 

In his summary on Wednesday, Dr. Gerard furnished us with a neat 
diagram. He differentiated four levels of operation: molecular, neu- 
ronal network, cortical-psychological, and social man. The latter levels 


e At the time of this conference Dr. Brosin’s affiliation was: Division of Psy- 
chiatry, The University of Chicago Department of Medicine. 
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now require more urgent attention. They must be understood not only 
as outgrowths of their functions at the cellular and neuronal network 
levels but at their own distinctive levels with particularly adapted 
methods and vocabularies. Although the workers in these fields have 
not yet perfected their means of observing, recording, and comparing 
their data, Dr. von Neumann’s brilliant exposition of man’s essentially 
intuitive relation to the machine provides us with some consolation 
since this is the familiar position of the clinician. We can profit by his 
example in not regarding the problem as insurmountable. The four- 
level diagram also illustrates picturesquely the possibility of influencing 
levels of widely separated behavior with a minimum of participation 
by the intermediate ones. This is now done by various shock and drug 
therapies and may have much wider application 
in the reverse direction which are now so popul 
by internists and psychiatrists. Dr. Klüver hin 
described the possibility of side effects of molecul 
zations which may cause, in 
lateral poisonings. Dr. Köhle 
mented the wide chasms bet 

There is, at present, relati 
working at a particul 
ever, effective functi 


„including activities 
ar a focus of interest 
ted at this when he 
ar or neuronal organi- 
a manner of speaking, extra-cerebral col- 
r and Dr. Lashley have, however, docu- 
ween these levels of operation. 

vely little communication between those 
ar level and those working at other levels. How- 
on can be facilitated if 
becomes acquainted with the types of probl 
of it. The content and the method e 
respects be alien and, therefore, forbidding, but in the long run ac- 
celeration of total integrated knowledge about human behavior de- 
pends on this type of effective interdisciplinary activity. Important 
examples are furnished in this symposium. One of the finest impressions 
that I have of this meeting is the acknowledgment made by Dr. Gerard 
to psychiatrists like Berger and the psychologists who have helped him 
as a neurophysiologist. Dr, Lorente de Né’s tribute to Dr. Lashley 
illustrates effective cooperation as distinct from a mere pseudo-aggre- 
gate of gentlemen in the same room who have onl 


quaintance but no genuine professional relationship. 

Another impressive acquisition is Dr, Lashley’s presentation. It will 
help me directly in answering the questions: What is the world of a 
psychologist like? Can you give me some approximation about the tools 
used? The student who wonders about the relation of psychology to 
neurophysiology can be referred to this symposium for ample evidence 
that these sciences are growing steadily in spite of the pessimism cur- 
rently voiced by such leaders as Sherrington and Adrian. Boring’s con- 


a worker in any one area 
ems being studied outside 
mployed elsewhere may in many 


y a social ac- 
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ception that the solution to many of these problems will have to wait 
for a riper time, as reported by Lashley, until the background auras 
ffective, leads me to recall that the back- 


really become much more e 
entral nervous system activity 


ground of the sciences concerned with e 
has improved markedly in the last twenty-five years. These papers are 
much more concerned with the problems which have some relation to 
living and feeling people. They are not dependent on oversimplifica- 
tions which tend to distort the relevance of an experiment to the point 
of meaninglessness. 

I see no necessary philosophical differences in many of the areas 
in which the discussants are working. I do not want to indicate that 
there aren't any; there are, but they can be sharpened into propositions 
which are meaningful for experiment. I strongly endorse Dr. Lashleys 
comment about the need for experiment and the superiority of ex- 
perimentation over abstract argument. I came into the world of psy- 
chological ideas in the early twenties. I recall the fanatical intolerance 
of some groups. Thirty years ago, behaviorists did not write of so 
extraordinarily complex a world. The early simple Watsonian diagram 
is incompatible with this new world view. I would also offer that this 
symposium has achieved remarkably well some correspondence of 
ideas, At least we are often talking to the same point. However, this 
isn’t enough. We must learn a common vocabulary by living and work- 
ing together. Reading and experimentation in isolation are inadequate. 
It may take a century for the men working at molecular and neuronal 
levels to become thoroughly and intimately acquainted with the world 
view of a person whose days and nights are steeped in the concepts of 


man as a social unity. 8 P a 
The plainly tolerant attitude that has characterized this symposium 
merits more than passing comment. True communication in the sphere 


of ideas is probably always difficult. It is of great significance that we 
can meet together without arousing anxiety and discomfort that propel 
towards flight and refuge. I suggest that one of the most valuable con- 
sequences of this meeting May be allied to the manner in which we 
have carried on our interpersonal relations—however fragile and deli- 
cate our intellectual contacts may have been. The achievements in our 
personal dealings with one another may be more important for this 
century than the specific contents we have discussed. This is true not 
only because artificial, economic, and political barriers make communi- 
cation difficult, but the strain of carrying conflicting loads of inter- 
disciplinary problems militates against one mind’s encompassing larger 
meaningful configurations. We should make it easier for one man to 
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master several related fields by reducing the obstacles as much as pos- 
sible. It is probable that the most significant innovations will come from 
one man rather than from a team. 

I think that the logic of determinism and the pragmatic study of 
relations and operations are adequate scientific working methods for 
the skeptical clinician who deals necessarily with poorly defined com- 
plex conditions, even though he himself has not been able to create a 
useful vocabulary for his needs. There need be little doubt that psy- 
chiatry and psychoanalysis are intimately related to both biology and 
sociology. As investigative techniques in both areas improve, the prac- 
tice of clinical medicine will faithfully reflect the advances. Most of us 
hope that the biological roots of man’s behavior will not be 
because of the apparently easier methods offered 
though impressive demonstrations of the import: 
in determining behavior continue to appear, we do not believe that the 
body can be explained away in terms of a neutral plastic material. The 
newer “therapies” employing physical agents open up new fie 
studies. Even the distressing practical failures of the 
shock and surgical methods need not deter us from h 
studies about cortical functions which will advance t 
for experimental and therapeutic control. 

This summary stresses the inner strength of the 
me that there is much more willingness here than el 
partial answers. You do not appear to have the acute or permanent 
need for concrete, sharply defined answers at the cost of reliance upon 
oversimplified and, therefore, often futile systems, Though not uni- 
form, this greater individual and collective ability to tolerate uncer- 
tainty seems tomea healthier attitude. While it may not be applicable 
to all areas—for I hesitate to paint the picture of absolute harmony—I 
think that it Presages the possibility of a more integrated biological 
orientation that could include social factors with less distortion of facts. 
The neurophysiological and psychological concepts Presented during 


the last week are closer to clinical work than the abstract formulations 
of 1920. 
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In spite of the encouraging progress exemplified in these papers, 
there are some notable gaps. We still do not have much material about 
those operations labeled “motivation.” For example: Why do people do 
things? What does the organism do in order to maintain harmony be- 
tween the internal world and the external world? We have heard little 
about emotions and purposes and the relations between them. We have 
heard less about the basic needs or drives and the nature of these in- 
ternal-external adjustments of man under stress. In a few places, ex- 
amples from general psychopathology were cited. There was, however, 
no treatment of the “anatomy and physiology” of hallucinations, delu- 
sions, phobias, obsessions, compulsions, disorders of character and 
psychosomatic reactions such as anorexia, obesity, hypertension, colitis, 
and peptic ulcer. We did not hear about research that would help us 
understand the behavior of a man who is relieved of a peptic ulcer by 
vagotomy and who then becomes alcoholic or suicidal. 

At future meetings we shall probably be able to discuss more mean- 
ingfully such social patterns as greed, race hatred, gambling, ambition 
in bureaucrats, the rearing of children, and similar problems of rela- 
tional determinism at the social level. It is not beyond hope to antic- 
ipate the development of our scientific skills and ethics so that a man 
who, by virtue of unsatisfactory interpersonal relationships with his 
employer, develops symptoms on either the somatic, psychological, or 
social level can be treated appropriately. Currently the solution for 
such a problem is, all too often, sought by pharmacological or surgical 
interruption of afferent nervous pathways. We may even, so to speak, 
refrain from giving atropine to dry the tears of a bereaved parent. I 
need hardly caution this group that in a complex analysis of personality 
functions within the field of human relations, social problems per se 
lled at that level in our civilization. Decapita- 


can and should be hand c 
tion and amputation techniques may appear to be expedient, but they 


will not be entirely popular as the long-term effects become known. 
Dr. Klüver's report of the occurrence of endometriosis in a temporal 
lobectomized monkey is a good example of the dread possibilities. We 
don’t know what kind of a generation we are creating with our tech- 
niques of violence in this century. Why does one patient following an 
operation for brain tumor with good physiological and mechanical 
results die in a year or two when most similar patients do well? Well- 
informed surgeons do not hesitate to look into factors of social import 
to help them find an answer. More psychologists will also when they 
are familiar with the fact that a human being must maintain viability 

ix or suffer distortion and physical death. That every- 


in the social matr 
one must maintain psychological and emotional stabilities in appropri- 
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ate patterns as well as physical homeostasis is a truism which has not 
found much popularity in the laboratory. 
I introduce now a series of problems w 


hich require interdisciplinary 
cooperation. For lack of simpler me 


thods to study controlled behavior, 
we place the human organism under stress or, to quote G. Stanley Hall 
and Adolf Meyer, create the “experiment in nature,” 
is the Rorschach experiment, one of the projective techniques. We 
ask: Why does response to color reflect the subject's potential for 
expressing emotion? This is a splendid opportunity 
chologists, and neurophysiologists to work togeth 
fit. Much more sophisticated and, I think, the greatest single act of 
insight on the part of Rorschach was his description of figures seen 
in this partially structured material of the ink blot as human movement. 
Why should these “movement responses” represent the capacity for 
inward living? Why should the accurately perceived form, the F plus, 
be probably the best index to ego control? In the twenty-seven years 
since Rorschach published his monograph, no new theoretical con- 
structs or substantial technical improvement has been devised. For 
years Dr. Köhler and his colleagues have given us a vocabulary to dis- 
cuss the properties of configurations, It is regrettable that we have not 
yet found talent for this purpose in the study of the Rorschach method, 
It is obvious that we must train experimentalists in this field. The 
future of good clinical investigation depends upon attracting the 
people who can appreciate the importance of this type of problem and 
be willing to live with it. 

Mention of these problems calls to mind the many difficulties that 
are encountered in the selection of research workers, medical dulnn 
executives, and others. A few days ago Dr. McCulloch mentioned the 
man who differs from other men because he has an unusual attention 
span of four hours. I am not sure that I understand what tat seln 
Olga Rorschach, in writing of her husband, tells of his inability to Work 
at any single task for more than an hour at a time. He wokad a great 
deal, but hour by hour he changed tasks. In this way he ma ei 
psychological productivity at a very high rate, Without atier 75 5 
answer these questions, we might consider the proble 5 
as it pertains to Rorschach. What distinguishes this drive for 
ment which, Olga Rorschach said, is the hallmar 
which prompted them to leave Russia 
although they loved it very much? Hie: was half 
sciously and half unconsciously afrai i > MaM Gon- 


ly first example 


for clinicians, psy- 
er for mutual bene- 
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achievement. He thought that his interest and ability might diminish if 
he continued to live in a beautiful Russian community. Olga was a 
Russian; Dr. Kliiver prompts me to remark that she spoke like an 
Oriental. 

These remarks are designed to point up the fact that we do not 
possess an adequate vocabulary or method by which we can describe 
the series of operations which characterize the ability of the principal 
speakers of this symposium to maintain their fidelity to a research ideal. 
If we could accomplish this, we would accelerate the resolution of 
ection. In spite of the fact that we know a 
great deal clinically and psychometrically we cannot determine a priori 
the qualities that would answer the following question: What do these 
which enables them, in spite of an infinite num- 
faithfully these highly abstract concepts? 
lationship to the material, are much 
lieve, is one of the im- 


some of the problems of sel 


men have in common 
ber of distractions, to follow 
The men themselves, in their re 
more wonderful than the material. This, I be 
portant questions to the symposium. 

But to return now to a problem that may be of especial interest 
to the neurophysiologist. Rorschach, in his characteristically carefree 
manner, observed that patients whose psychotic reactions consisted 
predominantly of kinesthetic hallucinations and imagery responded to 
his ink blots differently from those without hallucinatory experiences. 
He was also able to distinguish by their responses between patients 
with visual hallucinations and those who reacted through auditory 
routes. The pre-eminent use of kinesthetic and visual functions was 
correlated with great capacity for introversiveness, for inward living. 
Let us, for example, imagine a linear scale which represents high intro- 
and little of this potentiality at the other. We 


versiveness at one end 
espect to this quality and compare their 


can then grade people with r 
test performances with behavioral patterns; occupational assets; growth 


and decline of some potential talents; patterns of defense under stress 
(a psychiatric diagnosis); and alterations with age, mood, fatigue, and 
other factors which tend to upset homeostasis. Should the observation 
revolve about a schizophrenic reaction, the quality and type of hallu- 
cination would also come under scrutiny, There is evidence to sup- 
port the soundness of this methodology. It may very well provide the 
experimental psychologist and the neurophysiologist with a link be- 
tween central nervous system organization and behavior. These studies 
would rest upon the reasonable assumption that there are basic and 
distinctive differences in functions of the central nervous system at the 
gical level between a highly introversive person whose distinc- 


physiolo ; : 
are identifiable, both in health and disease, and a 


tive characteristics 
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markedly extratensive person with equally distinctive patterns. The 
former has the capacity for creating kinesthetic and visual hallucina- 
tions while the latter has not. Aging causes a decline in introversive 
powers as well as in the capacity for hallucinatory experiences. The 
obvious extratensive is limited to auditory hallucinations. The recently 
developed techniques in electronics may very well provide data to 
reveal relevance between these fields when they are implemented with 
skill and imagination. Dr. Köhler's direct-current electroencephalo- 
graphic experiments serve as a prototype for this kind of exploration. 
Another simple example from Rorschach may further illustrate the 
possibilities. Even though strongly introversive persons produce so- 
called “movement” responses, they are quite likely to be clumsy and 
awkward in their motility. On the other hand, extratensive persons 
with little capacity for producing “movement” responses are more 
likely to be graceful. 

The deterioration of cortical functions associated with degenerative 
changes or toxic factors decreases the introversive potentialities. In 
normal aging this process continues slowly and gently so that little 
loss of function is apparent, under ordinary circumstances, after the 
fourth decade. In his comparison between the imagery of Goethe and 
Schiller, Rorschach provides an illustration of the aging process, (Her- 
mann Rorschach, Psychodiagnostics, Hans Huber, Berne, Switzerland, 


1942, p. 106.) His explanation is, of course, only one of the several 
tenable hypotheses. 


The loss of capacity for introversion begins in men before the fortieth 
year, and the experience type gradually 
thereafter. The perceptive and imagery ty 
A quotation from Stern (p. 373) bears on this point. 

“The visual qualities of Schiller’s lyrics were comp: 
qualities in Goethe's lyrics by Karl and Marie 
putations on Goethe's works. Certain simi] 
found in the comparisons of the works of It was found 
that, in his earlier works, Schiller used more as many expres- 
sions referring to visual qualities (computed as rate in 10,000 words of 
text) as did Goethe. In Goethe’s works, the number of allusions to visual 
qualities increases with the age of the Writer, while in Schiller the number 
decreases considerably; this is especially apparent in regard to expres- 
sions pertaining to brilliance, glare, glitter, Similarities between the two 
authors appear. In both, the ratio between the number of expressions haisi 
nected with vivid color and other optical qualities is 1:3, both in the early 
and the later works. As both authors grew older references to red de- 
creased in frequency and expressions involving green increased; in both 
blue was poorly represented, and both used yellow hardly at all. In both 
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there is an increase of expressions involving lighter shades as age 
increases.” 

In another section of his book, Stern quotes the same authors to the 
effect that Schiller was more strongly acoustic (in imagery) than was 
Goethe and was far more so than Shakespeare. 

“The differences between the two authors and the trends shown in 
their use of optical imagery may be explained by assuming that Goethe’s 
experience type was originally far more dilated than was Schiller’s, 
that is, it originally spread far more into the introversive sphere than did 

Schiller’s. As both men grew older, kinaesthesias decreased with the result 

that Goethe then fell into the area of visual types, while Schiller more 

nearly approached the auditory imagery type. This explains the decrease 
in expressions of optical qualities in Schiller and the increase of them in 

Goethe.” 

A second area for interdisciplinary investigation is in the field of 
psychosomatic research. From the best evidence available we note 
that the most significant motivational constellations are deducible from 
ordinary observable behavior. For example, clinicians are generally 
familiar with the typical phasic exacerbations and remissions that occur 
in patients with peptic ulcer, with or without treatment. These patients 
respond favorably to many and varied types of therapy. In most cases, 
the efficacy of psychotherapy is probably best understood in terms of 
the conflict between repressed unconscious passive dependent wishes 
and the patients ideal of himself as an independent, self-sufficient adult. 
Often the psychological defenses take the form of the denial of the 
desire to be taken care of, the acceptance of many responsibilities, the 
vigorous striving towards ambitious goals so that autonomy may be 
attained. These unconscious activities remind us of the third type of 
memory” discussed earlier this week. They are extremely useful clini- 
cally because they enable us to understand causal relations in a chain of 
complex events which otherwise would not be explainable bya unified 
hypothesis. Numerous studies combining psychological and physiologi- 
cal techniques attest to the fruitfulness of these investigations. It is 
highly likely that a number of syndromes in medicine will be con- 
ceptualized, in the near future, as basic psychological problems with 
concomitant physiological disorders. The well-known observations of 
Harvey Cushing (1932), who showed the direct effect of various types 
of brain injury on gastric tissue, elicit special interest from the neuro- 
physiologist. More recent studies on lobotomized patients may help us 
further in understanding these relations. 

A third group of problems worthy of interdisciplinary study is cen- 
around the subjective state of the observer in the experiment. 


tered 
physicists were the first to direct serious attention 


Astronomers and 
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to the errors introduced into an experiment by the all-too-human limi- 
tations of a single man. The safeguards that they were able to provide 
have served them well. However, we have not yet been able to perfect 
our corrective devices in the study of behavior. The problem is 
particularly acute in the therapeutic situation. 
organism, the physician, is in relation to another complex organism, 
the patient. Now, more than at any time in the past, the attitudes, both 
positive and negative, of the doctor toward the patient are under 
careful scrutiny. Clinical psychologists, as well as psychiatrists, are 
becoming more aware that the experimentalist’s attitudes are proper 
objects for study in order to understand the development of the rela- 
tionship between the two principal figures in a therapeutic “experi- 
ment.” The mechanics of the psychiatric interview are also being stud- 
ied much more systematically with the aid of recording devices. We 
may expect progress to be made in the most basic of our clinical tools 
—the interview—so that we may operate with greater certitude. 
Patients with organic disorders of the cerebrum provide another rich 
experimental field. In this situation man may be regarded as an ex- 
perimental animal and is available, for the first time under somewhat 
controlled conditions, for wide exploration. While I deplore the un- 
reasonable recourse to lobotomy, I wish we could study patients who 
here sek The fee etl by the method presented 
8 AA s Tar is our real tragedy. Most 
patients are operated on with inadequate pre- or Postoperative studies 
by a trained psychologist. Furthermore, as far as I know, there are 
probably less than fifty careful reports by Psychoanalysts on patients 
with cerebral deficit. It is simple to understand why there f 2 tes 
No one wants to make a big investment of and sites 5 — 
patient in whom the potentialities for good therapeutic on a 
small. As a remedy for this scarcity of necessary e N a 
that we must remunerate full-time research psychike > tii 
choanalysts sufficiently so that these men will be eis s and psy- 
here. I would heartily endorse any progr: mg to work 


Here, one complex 


his time 


patients. 
Dr. Lashley said that temporal integration is the 
most neglected field in neurophysiology, It se 


equally true in psychopathology. If we 
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small samples of behavior and that, occasionally, much can be done to 
accelerate therapy. 

In spite of the progress made in describing some properties of ego 
functions, there exist many problems at the level of social interaction 
which need elucidation. Presumably, after we identify ego functions at 
various levels of activity, there will continue to be the problem of 
intricate interpersonal relations which will require some type of under- 
standing and control. Current clinical bias favors the view that the 
basic and permanent behavioral patterns, insofar as they are not geneti- 
cally or prenatally determined, are laid down in the first four to six 
years of life. The chemical embryological studies suggested by Doctors 
Lashley and Thorndike can do much to elucidate the characteristics of 
the immature brain. Learning and memory during the first two years 
of life may be qualitatively different from the same functions which 
we are studying at a later time. If this be true, then we must focus on 
methods permitting us information from this area in order to find the 
causes of psychoses and neuroses at the adult level. After fifty years of 
investigation we know that we must get back more and more to the 
earliest years of the patient's life. The potentiality for schizophrenia, 
for instance, seems to be established at that time. 

In this connection, I was impressed by the discussions of the hier- 
archical patterns in the central nervous system. These discussions in- 
cluded the description of the lower patterns with relatively inde- 


pendent structure and their primary rhythmic activity which may be 
modified and distorted from above. All studies that can elucidate the 
primitive central nervous system organizations and 
their controls will do much to bridge the gap between psychiatry and 
physiology. It must be remembered that some of these functions, in- 
cluding the endocrine, are designated as operating units by psychia- 
trists. In this stage of our development, our vocabulary is necessarily 
crude. In order to talk about this order of events, the biological reser- 
voir, we say “an instinct.” “a drive,” “an urge,” or even “it.” Freud (not 
to mention Bleuler, Schilder, and II. S. Sullivan) received endless 
criticism from the sociologically minded people who felt that he had 
disagreeably revealed his essentially organic-neurologic bias by insist- 
ing upon the biological nature of the Id. In speaking of the activity in 
Freud described something very curious. Emotionally 
maintain distinctive identity as well as the ability 
r and yet, short of complete exposure, remain 
by time and activity. Here is an illogical world, 
ations of ordinary geometry, which presents 
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another problem to the neurophysiologist in analyzing these phenom- 
ena. The chemical embryologist, anatomist, and endocrinologist may 
eventually help the neurophysiologist to give real meaning to this con- 
cept of constitution. 

In 1929, in his A History of Experimental Psychology, Boring said 
that the application of the experimental method to human mentality is 
“the great outstanding event in the history of the study of mind.” He 
stated that psychologists were now relieved of the necessi 
ing themselves against adverse criticism, They might, he asserted, 
agree with some of their critics that progress has been slow and dis- 
appointing, but they had the huge burden of Philosophy to drag along, 
both administratively and idealogically, One formulation might be: the 
more philosophy, the more abstractions; the less real work, the less 
insight. However, aside from these factors, what are the basic handi- 
caps? Boring offers two brave guesses: lack of conceptual unity and 
lack of a great man. i 

Some of you may feel that, in the week th 
seen outlined the background which may provide the long-sought-for 
conceptual unity. Boring warned that mere industry is not enough. 
Patient application and the pyramiding of unknowns do not add to our 
knowledge. Insight and specific methods are needed. As regards Bor- 
ing’s second requirement, that psychology has never had to itself a 
truly great man, I would be bold enough to say, for Psychiatry, that 
we have our great man—Freud. He has Provided us with ample mate- 
rial and techniques. The exploitation of the free. association technique 
and the inquiry into the meaning of Psychodynamic Social patterns can 
keep us occupied een for many years. I wonder whether psy- 
chology will not find its great man in the Person who can utilize the 


Freudian concepts and bring them into closer approyi.....: 
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The ORGANIZATION of BEHAVIOR | 
A Neuropsychological Theory : 


By D. O. HBB, McGill University. Dr. Hebb combines present-day knowledge of 
psychology and physiology into a unique theory of thought and emotion—an attempt 
to explain what goes on in the human brain between the arrival of an excitation at 
a sensory projection area and its departure from the motor area of the cortex. In the 
first five chapters, Dr. Hebb discusses the problems involved in studying behavior 
and explains the theory he developed to solve these problems. From Chapter 6 on, 
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endocrine functions, measurement, psychophysics, sensory functions, learning, moti- 
vation, perception, selection, training, and many others. Handbook of Experimental 
Psychology is the definitive book in its field—the most complete coverage of the 
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among six sections: physiological mechanisms, growth and development, motivation, 


learning and adjustment, sensory processes, and human performance. 1951. 1436 
double-column pages. $15.00. ` 


CYBERN 
~“ 
ne or Control and Communication in t 
X By NORBERT WIENER, The Massachusetts Institi 
Cybernetics needs very little introduction even t jal students of control, com- 
munication, and behavior. One of the few spec books on science that have 
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